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A fight between the blue
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The main goal of the present work is to show the motivations, the main results and the
future perspectives of the thesis project in which I have been involved in the past three years.
This manuscript reflects in its structure the work done in two different astrophysical fields, with the
central idea to show how the same science “tool” can be used to derive information in these two
fields.
The “tool” that will be described in detail in the following chapters is rotational molecular spec-
troscopy. We will show in the following chapters of this thesis, how the analysis of the rotational
spectra of molecules can be used to constrain the physical and chemical properties of the interstellar
medium in the local Universe; then how the same kind of information, but from molecules outside
our Galaxy, can help to define the cosmological models used to describe the large-scale Universe.
The first part of the work was mostly carried out in the Centre d’Etude Spatiale des Rayonnements
(CNRS-Universite´ Paul Sabatier) in Toulouse, where data reduction and analysis were performed.
Measurements were taken in spectroscopy laboratories mostly at the Jet Propulsion Laboratory
in California. The second part has been conducted in the Experimental Cosmology Group of the
Physics Department of “Sapienza” University in Rome.
Near-future radioastronomy instruments, such as the Herschel Space Observatory (HSO, to
be launched in 2009) and the international interferometer ALMA (coming into service progressively
from 2010) will take high-resolution measurements in the submillimetre and THz ranges, allowing us
to obtain very detailed models of astrophysical objects, such as protostars. Some of the information
to constrain these models will be based on the analysis of spectral surveys, which will contain up to
tens of thousand of lines caused by a large number of molecular species that can be present. Many
laboratory measurements in the THz region are still lacking; for this reason higher precision spec-
troscopic data are required. The increased frequency range and higher sensitivity of next generation
instruments holds the promise of detecting new exciting species such as complex organic molecules
and Polycyclic Aromatic Hydrocarbons (PAH). However, not only spectroscopic data must be pro-
vided for these species but also weaker and/or higher frequency lines of known molecules must be
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known in order to make the identification possible. This implies new work on the isotopologues
of known species and measurements of molecules in vibrationally excited states, especially those of
lower energy. Also the idea of using molecular lines as a “probe” to characterise the physics and
chemistry of astrophysical objects implies high-precision predicted or measured frequencies with as-
sociated molecular parameters intervening in the calculation of the intensities. Much fundamental
molecular data is still lacking for several reasons:
• the spectrum of the species has already been measured but not with the most modern experi-
mental apparatus or not at high frequency, or both.
• measurements have been focused only on the principal isotopologue and information on impor-
tant isotopic substituted species, such as the deuterated ones, are lacking. It has been shown
recently that a much higher D/H ratio than predicted by elemental abundance can be ob-
served in certain astrophysical regions, specifically around protostars. It would be interesting
to study if this phenomenon occurs also for other isotopic species. Isotopomers such as 13C
(and sometimes even doubly substituted) are also used to obtain optically thin measurements.
• the species is reactive and the optimisation of laboratory conditions for its production in
situ are critical and not always easy to achieve. For the lighter reactive species that can be
observed by Herschel only a few transitions are available in the laboratory and hence positive
identification is not easy.
• the spectrum can be very hard to analyse, with a very large number of transitions.
For clarity of presentation the first part of this work will be presented in several chapters
(from 1 to 7), in order to show the analysis performed for each different molecular species that has
been studied.
The main motivation of this part of the work connected to the astrophysics of the interstellar medium
and to near future radio-astronomy instruments will be presented in the first chapter. As will be
discussed new telescopes will be earth-based, mounted on a jumbo-jet and launched into space. The
main molecular databases developed for radio-astronomy will be presented in the second chapter. In
this chapter the very first subject of my thesis work, consisting of an evaluation of the status of these
databases will be presented, in order to better understand the need for new accurate high-resolution
high-frequency measurements of molecular spectra.
All the experimental work presented in the thesis (excluding the last chapter) has been carried out
at the microwave spectroscopy laboratory of the Jet Propulsion Laboratory (NASA-CalTech) in
Pasadena, USA. In the third chapter will be shown the experimental apparatus used in this labora-
tory and the software programs used for data reduction and analysis of the spectra.
The work performed on each studied molecular species will be reported from chapter 4 to 7. For the
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presentation I’ve chosen to follow “molecular complexity”. Starting from what is, at least from the
analysis point of view, the simplest species, a linear molecule (Formyl Ion and isotopologues), then
a symmetric top species (Monodeuterated Methane), an asymmetric top (Formic Acid and isotopo-
logues) and finally an asymmetric top with a double internal rotor (Propane). It’s worth noticing
that, excluding the study on the Propane molecule, this presentation reflects also the chronological
order of the measurements and the corresponding analysis.
The second part of my work will be presented in chapter 8.
Precision Cosmology has started only recently, when the improvement in technology has allowed
for sensitive observations of the Cosmic Microwave Background radiation (CMB). Cosmology has
become an empirically rich subject with a justified standard model, but work is still needed to es-
tablish it as accurate. From this perspective, primary cosmological tests of the standard Big Bang
model are necessary.
In the first part of this chapter the standard cosmology model will be reviewed, highlighting the
main successes and the reasons why other models are not completely ruled out yet. For this purpose
I will show how the temperature of the CMB can be determined using molecular rotation lines both
in emission and in absorption.
In the following sections I will present an instrument that will be able to retrieve this information.
This experimental section will be devoted to the description of the general apparatus, consisting of
a radiometer (called MASTER) developed and tested by the Radioastronomy group at University
Milan-Bicocca, that will be coupled to the MITO (Millimetre and Infrared Testagrigia Observatory)
telescope placed in the Italian Alps and operated by the Rome group.
The spectral analysis of the astrophysical radiation will be performed by an acousto-optical spec-
trometer, that has been developed in Arcetri, Florence (IRA-INAF, Radioastronomy Institute -
National Institute for Astrophysics). In the final part I will show the first tests and calibration of
this spectrometer that I have performed in the laboratory in Rome during the second part of my
thesis.
Finally in the annex will be presented the papers published in international journals, con-





The splendour of a night sky filled with glowing stars is one of the truly remarkable expe-
riences of life. At first glance, the space between the stars seems to be empty, however, there must
be some material from which stars can form. As we look more carefully at the interstellar space,
we find that it is filled with a diffuse gas laced with microscopic dust particles. This combination of
gas and dust is called the interstellar medium (ISM) and is the raw material from which stars are
being formed. This material is found throughout the Universe, though mainly concentrated within
galaxies, with very little found in between.
In this chapter we want to give a description of the astrophysical phenomena which induced
our laboratory work, starting from a brief historical review of the identification of molecules in the
interstellar medium. Then the information that can be derived from a molecular spectroscopy study
of the ISM will be shown. Finally the near future radio astronomy projects will be described in
relation to the motivation of our laboratory work.
Part of the physical quantities used in this chapter are derived and explained in the Annex A.
1.1 A brief history of molecules in interstellar space
Molecular line radiation was detected in late type stars with low surface temperatures,
planetary atmospheres and comets in the 1930s. In 1941 interstellar absorption lines of CN were
found toward the star ζ Oph; later, lines of CH+ and CH were identified. These results showed
that at least simple molecules exist in the interstellar medium (ISM), given the proper physical
conditions.
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Molecular line radio spectroscopy began in 1963 when Weinreb et al.[1] detected OH lines in absorp-
tion toward the supernova remnant Cassiopeia A. The clouds containing OH are not associated with
the radio sources Cas A, but are line-of-sight objects. Until 1968 all interstellar molecules detected
consisted of only two atoms and this was believed to be a natural limit caused by low densities in
the ISM. But then the line radiation of ammonia, NH3 was found by Cheung et al.[2]. Even more
spectacular was the discovery of a centimetre wavelength line of water vapour, H2O by the same
group. Toward some of the sources, the λ = 1.35 cm water vapour line showed intense radiation
consisting of features with narrow linewidths. It was soon found that this emission was time vari-
able. In 1969, Formaldehyde, H2CO was discovered by Snyder et al. [3] Later Palmer et al. [4]
found that in some regions, the 6 cm K-doublet line of H2CO is seen in absorption against the 2.7 K
microwave background, that pervades all of space and all kinetic temperatures are larger than this.
In Local Thermodynamic Equilibrium (LTE), 2.7 K < Tex < TK1 must hold (see Annex A); thus
absorption of the 2.7 K background must be caused by non-LTE effects: the population of the lower
level is increased, so that the absorption is enhanced. This effect is caused by collision [5]. After
this initial discovery period, perhaps the most important molecule found was carbon monoxide, in
mid-1970. After 1970, the number of cloud maps and molecules discovered, steadily increased. The
first detection of extragalactic molecular emission was in 1975.
As will be shown in the next chapter, the molecules detected in the ISM are, as of January 2008,
more than 140. From the tables in chapter 2 (Tables 2.1 and 2.2), one notes first, that many of
the molecules are organic. The remaining are mostly diatomic species, and belong to what is com-
monly called inorganic chemistry. Aside from molecular hydrogen, the most widespread species are
CO, OH, NH3, SiO and H2O. Nearly all the complex molecular species contain carbon. Among
these are formaldehyde (H2CO), cyanoacetylene (HC3N), formamide (NH2CHO) and ethyl alcohol
(CH3CH2OH). Most of the organic molecules are linear chains. It is not clear yet whether this indi-
cates a true deficiency of ring molecules, since the molecular structure of ring molecules are complex
with a large number of energy levels. Thus even at low interstellar temperatures, the population on
any one level is low since a large number of energy levels are populated. Some of the molecules are
commonly found on earth; examples are NH3, HCN and NaCl. However, others, such as OH, CN,
CO+, HCO+ and N2H are chemically unstable even under low-pressure laboratory conditions and
will quickly combine to form other, chemically stable species if collisions take place.
The discovery of formaldehyde caused some speculation regarding organic molecules in space and a
possible link to life on earth; these became stronger when additional organic molecules like methanol
1The kinetic temperature is the temperature of a gas defined in terms of the average kinetic energy of its atoms







where the brackets stand for the average value.
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(CH3OH) and ethanol (CH3CH2OH) were detected. It has also been speculated that the detection
of such interstellar molecules indicates that life was brought to the early earth by celestial objects
such as comets at a time when the earth had cooled sufficiently to allow these species to survive.
1.2 Astrophysical molecular spectroscopy
The study of the physical parameters of molecular clouds and stellar envelopes is an im-
portant goal of molecular line astronomy. The major probes are polar molecules, such as CO, CS,
HCO+ (one of the species analysed in this manuscript, see chapter 4) and their isotopic substitu-
tions, or isotopologues. The population of different energy levels are determined in LTE by the
kinetic temperature TK and H2 density, or the radiation field. In the annex A the definition of
the optical depth τ of a line is shown; the integrated optical depth along a typical path through
the medium increases linearly with the column density of the absorber as long as this material is
optically thin. As the optical depth increases, the line profile becomes saturated and the integrated
optical depth cannot continue to increase linearly with the column density. Hence to determine the
column density of the energy levels connected by a transitions, measurements of the intensity of an
optically thin line are required (see annex A). To determine the total column density, the excitation
mechanism must be known in some detail. When measurements of a few transitions of the same
species are made, these can be used as a probe for the physical state of the emitting or absorbing
molecular cloud. In conducting search for new species, one must have some means to estimate the
line intensities. If the excitation of the species in question is valid under LTE conditions, only kinetic
temperature and total column density are important. However these excitation circumstances are
the exception in the interstellar medium. If the excitation is collisional, LTE can be used as a first
approximation. If molecular systems are exposed to intense infrared fields, radiative excitation may
dominate. In extreme cases, both infrared fields and collisions are important for the excitation, and
the combination can lead to large deviations from LTE.
At the beginning of molecular line astronomy, identification was often based on one single transition.
However this procedure can be hazardous taking into account the possibility that several different
species may give rise to a transition at the same frequency within experimental precision. As ex-
pected, highly excited lines are found in warmer and denser sources. One such source is the hot core
region of Orion (Fig. 1.1); in its hot core, H2 densities are ∼ 107 cm−3 and kinetic temperatures
TK ∼ 160 K to 200 K. These high values insure that many transitions are excited (Fig. 1.2).
Usually the first result obtained from any molecular line measurement is the conversion of
line intensity, integrated over linewidth, into a column density. Ultimately from molecular astronomy,
one hopes to be able to determine the complete chemical and isotopic content of a molecular cloud;
a more distant goal is to determine the origin and lifetime of the cloud. Other aims are to relate
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Figure 1.1: Spitzer Space Telescope image of the inner part of the Orion nebula acquired with the IRAC instrument
(Credit: NASA/JPL-CalTech/Univ. of Toledo).
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molecular clouds to other astronomical phenomena, such as the formation of stars, the interaction
with very young stellar objects, or searches for prebiological molecules. To achieve these objectives
a number of conditions must be fulfilled. The first and most important is a knowledge of cloud
parameters, such as TK and the local density and column density of H2. Next, one must determine
the excitation of the molecule in question, which may deviate from LTE. Although molecular line
studies may be complex, there is no other method of studying the interiors of molecular clouds,
which are the densest parts of the interstellar medium. All star formation is thought to occur in
molecular clouds. There is observational evidence that the newly born stars will interact with their
surroundings, perhaps causing new generations of stars to form. In addition, molecules form a
substantial part of the envelopes of low-mass red giant stars. Thus, molecular line measurements
allow an estimate of the amounts of elements and isotopes produced in the central stars and then
returned to the ISM. Finally, molecular line measurements allow a study of molecules in the low-
pressure, low-density, low-temperature environments which are difficult to obtain on earth; in the
ISM one can more easily find “non terrestrial” species, or molecular excitation conditions not found
in a laboratory.
1.3 Near future radio-astronomy projects
We want now briefly describe the near future projects suited to study in more details and
with new technologies the “molecular universe”. We restrict the discussion to these new projects
that were a major motivation for the work carried out and do not consider other existing facilities
such as the French-German-Spanish IRAM observatory that are explained elsewhere.
1.3.1 Herschel space observatory
The ESA Herschel Space Observatory (HSO), scheduled for launch in early 2009, will be
the largest ever infrared space observatory. Equipped with a 3.5 meter diameter reflecting telescope
and it will observe at wavelengths that have never previously been explored. After a four-month
journey from Earth, Herschel will spend a nominal mission lifetime of three years in orbit around
the second Lagrange point of the Sun-Earth system (L2). The HSO’s primary objectives are to
study the formation of galaxies in the early universe and their subsequent evolution; to investigate
the creation of stars and their interaction with the ISM; to observe the chemical composition of the
atmospheres and surfaces of comets, planets and satellites; to examine the molecular chemistry of
the universe. The science payload will be equipped with three instruments, PACS, SPIRE and HIFI.
The Photodetector Array Camera and Spectrometer is a camera and low to medium res-
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Figure 1.2: Emission lines from two massive star-forming regions, G29.96 (top) and IRAS 23151+5912 (bottom)
acquired with the Submillimeter Array (SMA) [6].
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Band Mixer Type LO lower freq. LO upper freq. Beam Size (HPBW) IF Bandwidth
1 SIS 488.1 GHz 628.1 GHz 39′′ 4.0 GHz
2 SIS 642.3 GHz 792.9 GHz 30′′ 4.0 GHz
3 SIS 807.1 GHz 952.9 GHz 25′′ 4.0 GHz
4 SIS 967.1 GHz 1112.8 GHz 21′′ 4.0 GHz
5 SIS 1162.2 GHz 1241.8 GHz 19′′ 4.0 GHz
6+7 HEB 1412.2 GHz 1907.8 GHz 13′′ 2.4 GHz
Table 1.1: HIFI frequency coverage and band allocation. The first 5 mixer bands use SIS (superconductor-insulator-
superconductor) mixers; bands 6 and 7, use Hot-Electron Bolometers (HEBs)
olution spectrometer for wavelengths in the range 55-210 µm. It will employ four detector arrays,
two bolometer arrays and two Ge:Ga photoconductor arrays. The bolometer arrays will be dedi-
cated for wideband photometry, while the photoconductor arrays will be employed exclusively for
spectroscopy with a resolution of a few thousand. PACS will be able to operate either as an imaging
photometer, or as an integral field line spectrometer.
The Spectral and Photometric Imaging REceiver is a camera and low to medium resolution
spectrometer complementing PACS for wavelengths in the range 200-670 µm. It comprises an imag-
ing photometer and a Fourier Transform Spectrometer (FTS), both of which use bolometer detector
arrays. There are a total of five arrays, three dedicated for photometry and two for spectroscopy.
HIFI is the Heterodyne Instrument for the Far Infrared and of particular relevance to the
motivation for work carried out in this thesis. It is designed to provide spectroscopy at high to very
high resolution over a frequency range of approximately 480-1250 and 1410-1910 GHz (625-240 and
213-157 microns). This frequency range is covered by 7 “mixer” bands, with dual horizontal and
vertical polarisation, which can be used one pair at a time (Table 1.1).
The mixers act as detectors that feed either, or both, the two spectrometers on HIFI. An
instantaneous frequency coverage of 2.4 GHz is provided with the high frequency band 6 and 7 mixers,
while for bands 1 to 5 a frequency range of 4 GHz is covered. The data is obtained as dual sideband
data which means that each channel of the spectrometers reacts to two frequencies (separated by 4.8
to 16 GHz) of radiation at the same time. For many situations, this overlapping of frequencies is not
a major problem and science signals are clearly distinguishable. However, particularly for complex
sources containing a high density of emission/absorption lines, this could lead to problems with data
interpretation. Deconvolution is therefore necessary for the data to create single sideband data.
This is especially important for spectral scans covering large frequency ranges on sources with many
lines. There are four spectrometers on board HIFI: two Wide-Band Acousto-Optical Spectrometers
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(WBS) able to cover the full IF range available (4GHz) at a single resolution (1.1 MHz); and two
High Resolution Autocorrelation Spectrometers (HRS) with several possible resolutions from 0.125
MHz to 1.00 MHz. One of each spectrometer type is available for each polarisation. They can be
used either individually or in parallel. The Wide-Band Spectrometers cover the full intermediate
frequency bandwidth of 2.4 GHz in the highest frequency bands (bands 6 and 7) and 4 GHz in all
other bands. The High Resolution Spectrometers have variable resolution with sub-bands sampling
up to half the 4 GHz intermediate frequency range. Sub-bands have the flexibility of being placed
anywhere within the 4 GHz range. At the outset of the mission, the major scientific objectives of
the HIFI instrument are:
• to probe the physics, kinematics, and energetics of star forming regions through their cooling
lines, including H2O;
• to survey the molecular inventory of the wide variety of regions that participate in the life-cycle
of stars and planets;
• to search for low-lying transitions of complex species and thus study the origin and evolution
of the molecular universe;
• to determine the out-gassing rate of comets through measurements of H2O and to study the
distribution of H2O in the giant planets;
• to measure the mass-loss history of stars which regulates stellar evolution after the main
sequence, and dominates the gas and dust mass balance of the Interstellar Medium;
• to measure the pressure of the interstellar gas throughout the Milky Way and resolve the
problem of the origin of the intense Galactic [CII] at 158 µm emission measured by COBE;
• to determine the distribution of the 12C/13C and 14N/15N ratios in the Milky Way and other
galaxies (to constrain the parameters of the Big Bang and explore the nuclear processes that
enrich the ISM);
• to measure the far-infrared line spectra of nearby galaxies as templates for distant, possibly
primordial galaxies.
1.3.2 Atacama Large Millimeter Array
The Atacama Large Millimeter Array (ALMA) project is an international effort supported
by the European ESO, the american NRAO and the Japanese NAOJ to build and operate a large
millimetre and sub-millimetre array at high altitude in northern Chile. The ALMA array will be
composed of up to 80 high-precision antennas, located on the Chajnantor plain of the Chilean Andes
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in the District of San Pedro de Atacama, 5000 m above sea level. This interferometer will operate
at wavelengths of 0.3 to 9.6 millimetres, where the Earth’s atmosphere above a high, dry site is
largely transparent, and will provide astronomers unprecedented sensitivity and resolution. The up
to sixty-four antennas of the 12m Array will have reconfigurable baselines ranging from 150 m to 18
km. Resolutions as fine as 0.005′′ will be achieved at the highest frequencies, a factor of ten better
than the Hubble Space Telescope. The first 12m antenna arrived in 2007; nine ALMA antennas
are now on-site in Chile: four antennas from Mitsubishi Electric Co. (Melco) and five antennas
from VertexRSI. Although data from the pathfinder APEX (Atacama Pathfinder EXperiment) are
already available, the early science of the ALMA project is planned for 2010.
The Atacama Large Millimeter Array (ALMA) will be the forefront instrument for studying the cool
universe - the relic radiation of the Big Bang, and the molecular gas and dust that constitute the
very building blocks of stars, planetary systems, galaxies, and life itself.
The power of ALMA will enable new science in many areas, examples of which are highlighted below.
The design of the instrument is being driven by three key science goals:
1. the ability to detect spectral line emission from CO or CII in a normal galaxy like the Milky
Way at a redshift of z = 3, in less than 24 hours of observation;
2. the ability to image the gas kinematics in protostars and in protoplanetary disks around
young Sun-like stars at a distance of 150 pc, enabling the study of their physical, chemical and
magnetic field structures and to detect the tidal gaps created by planets undergoing formation
in the disks;
3. the ability to provide images at an angular resolution of 0.01 arcsec, and precise images at an
angular resolution of 0.1 arcsec. Here the term “precise image” means being able to represent,
within the noise level, the sky brightness at all points where the brightness is greater than
0.1% of the peak image brightness.
These three goals drive the large collecting area, the spectral capabilities, and the number
of elements of ALMA. This remarkable instrument will be able to:
• use the emission from CO to measure the redshift of star-forming galaxies throughout the
universe. The spacing between successive transitions of CO shrinks with redshift as (1 + z),
and the large instantaneous total bandwidth of ALMA will make possible blind surveys in
order to establish the star-forming history of the universe, without the uncertainties inherent
in optical and UV studies caused by dust extinction;
• probe the cold dust and molecular gas in nearby galaxies, allowing detailed studies of the
interstellar medium in different galactic environments, the effect of the physical conditions on
the local star formation history, and galactic structure;
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• image the complex dynamics of the molecular gas at the centre of our own Galaxy with
unprecedented spatial resolution, thereby revealing the tidal, magnetic, and turbulent processes
that make stellar birth and death at the Galactic Centre more extreme than in the local Solar
neighbourhood;
• reveal the details of how stars form from the gravitational collapse of dense cores in molecular
clouds. The spatial resolution of ALMA will allow the accretion of cloud material onto an
accretion disk to be imaged, and will trace the formation and evolution of disks and jets in
young protostellar systems. For older protostars and pre-main sequence stars ALMA will show
how planets form, sweeping gaps in circumstellar and debris disks;
• uncover the chemical composition of the molecular gas surrounding young stars, including
establishing the role of the freeze-out of gas-phase species onto grains, the re-release of these
species back into the gas phase in the warm inner regions of circumstellar disks, and the sub-
sequent formation of complex organic molecules. ALMA will have the large total bandwidth,
high spectral resolution, and sensitivity needed to detect the myriad of lines associated with
heavy, pre-biotic molecules such as those which may have been present in the young Solar
System;
• image the formation of molecules and dust grains in the circumstellar shells and envelopes of
evolved stars, novae, and supernovae. ALMA will resolve the crucial isotopic and chemical
gradients within these circumstellar shells, which reflect the chronology of the invisible stellar
nuclear processing;
Many of these measurements will require new more-complete spectral data to match the
high-sensitivity and large spectral coverage.
1.3.3 SOFIA
The Stratospheric Observatory For Infrared Astronomy, along with the Spitzer Space Tele-
scope and HSO are the premier observatories for infrared and sub-millimeter astronomy in the US
and Europe. SOFIA, a joint project of NASA and the German Space Agency (DLR), is a 2.5-meter
telescope in a Boeing 747-SP aircraft designed to make sensitive infrared measurements of a wide
range of astronomical objects. It will fly at and above 12.5 km, where the typical precipitable water
column depth is less than 10 µm and where the telescope will collect radiation at wavelengths from
0.3 µm to 1.6 mm. The telescope is located in a open cavity in the aft section of the aircraft and
has a view out of the port side of the aircraft. Observations are restricted to elevations between +20
and +60 degrees. The telescope is inertially stabilised and the pointing accuracy is expected to be
better than 1 arcsec and tracking should be better than 0.5 arcsec. Because of the telescope motion
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limitations and the fact that SOFIA is a flying observatory, planning observations is far more diffi-
cult than at ground-based observatories. Flight restrictions constrain the amount of time possible
to spend observing any given object, and moving to a new object requires turning the aircraft and
embarking on a new flight path. SOFIA will see first light in 2009, and is planned to make more
than 120 scientific flights of at least 8 to 10 hours in duration per year; it is expected to operate for
at least 20 years.
The first generation of science instruments for SOFIA consists of 9 imagers and spectrographs span-
ning the entire wavelength range. Except for one combination of instruments, only one science
instrument will be flown at any given time. Science instruments will be changed at most only once
every other week. In addition to these instruments, SOFIA will carry a water vapour monitor, which
will report the precipitable water vapour level along a fixed line of sight. The resulting opacity values
will be used to calibrate data acquired with the science instruments.
Of paricular relevance to the present thesis, the CAltech Submillimeter Interstellar Medium Investi-
gations Receiver (CASIMIR) will be a sensitive submillimeter and far-infrared heterodyne receiver
for SOFIA. The receiver will use sensitive superconducting mixers, including both tunnel junction
(SIS) and hot electron bolometers (HEB). The local oscillators will be continuously tunable, and
will consist of Gunn oscillators or HEMT power amplifiers followed by frequency multipliers. The
goal of this instrument, still in development, is to cover the 500-2100 GHz frequency range in seven
bands: SIS mixers in four bands up to 1200 GHz, and HEB mixers in three bands covering 1200-2100
GHz. Up to four of these frequency bands could be selected for use on a given flight; if necessary, the
selection of frequency bands could be changed between flights. The HEB mixers will not be available
at first light on SOFIA. The receiver will have an intermediate-frequency (IF) bandwidth of 4 GHz,
which will be processed by a high resolution backend spectrometer (most likely an acousto-optic
spectrometer with 1 MHz resolution), as well as a low resolution (30 MHz) analogue correlator.
Offering both imaging and spectroscopy, SOFIA is designed to complement both large ground-based
telescopes (e.g., Keck, Gemini, JCMT) and the current and future generation of space-based tele-
scopes (Spitzer, Herschel, JWST). Many of the instruments used on SOFIA will be forerunners of
those on board Herschel, and therefore SOFIA will be employed to prepare for, or follow up, Herschel
observations. Since SOFIA’s 20 year lifetime is substantially longer than that of either Spitzer or
Herschel, follow up studies with SOFIA will continue long after these satellite missions have ended.
Topics to be addressed by SOFIA observations include the study of:
• interstellar cloud physics and star formation in our galaxy;
• proto-planetary disks and planet formation in nearby star systems;
• origin and evolution of biogenic atoms, molecules, and solids;
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• composition and structure of planetary atmospheres and rings, and comets;
• star formation, dynamics, and chemical content of other galaxies;
• the dynamic activity in the centre of the Milky Way;
• ultra-luminous IR Galaxies (ULIRGS) as a key component of the early universe.
1.4 Importance of laboratory measurements
From what we have seen in the previous sections, the near future radioastronomy instru-
ment will offer an incredible opportunity to unveil the physics and chemistry of the interstellar
medium.
The Herschel Space Observatory, and specifically its HIFI instrument, will open for the first
time a new window, above 1 THz for high-spectral-resolution measurements. Taking as example the
Fig. 1.2, acquired with the Submillimeter Array, we can imagine what HIFI will able to do, consider-
ing that the spectral resolution of the latter instrument will be up to 8 times more than the SMA [7].
This high resolution must be coupled with the available catalogue of the molecular species known
or expected in the ISM. Looking at the databases, such as the Jet Propulsion Laboratory catalogue
or University of Cologne database (see next chapter), two main points should be stressed. First of
all, “high quality data”, meaning in our case data whose uncertainties are well below (ideally 10%)
of the HIFI spectral resolutions, is still lacking for many species, especially in the region above 1
THz. Secondly, there is still quite a lack of laboratory data of complex organic molecules and hence,
a corresponding low quality in predicted frequencies available on the databases for these species.
The ALMA array will cover a lower frequency range than HIFI but, it will be the most
sensitive instrument in its operational wavelengths with a unique spatial resolution. This means that
a great part of the signal that in the astrophysical spectra acquired with the present facilities (such
as in Fig. 1.2) looks like noise but probably contains many lines below the detection-limit, will be
resolved by the ALMA sensitivity. New lines could be associated to isotopic species, mainly deuter-
ated and 13C substituted, or rotational transitions of already known species, in excited vibrational
states. The identification of these lines will be necessary in order to search for the spectra of new and
possibly exciting species such as more complicated organics or PAHs. Also, the incomparable spatial
resolution of this array will make possible to spatially resolve regions of high molecular complexity,
such as hot corinos (the inner regions surrounding Sun-like protostars, where the dust temperature
exceeds 100 K). Again new spectral data will be required
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For all these reasons our study, that in the next chapters will be shown, has been focused on
the high-resolution (over 107)/high-frequency (often over 1 THz) measurements of species of interest
for the interstellar medium. The choice of the molecules has reflected what has been presented in this
section. We will first report measurements of isotopologues of well known interstellar medium species,
such as the formyl ion (HCO+), Methane (CH4) and Formic Acid (HCOOH). Then in chapter 7 the
analysis of the rotational spectra of a spectrally complex species Propane (CH3CH2CH3), including
excited torsional states, will be given. This type of species shows the affect of internal rotation that
is common in many of the complex organic molecules that should be studied in order to prepare for





The continuous growth of the number of detected species in the interstellar medium com-
bined with the augmentation of the molecules studied in spectroscopy laboratories has led to the
creation of several molecular databases to offer a direct link between the two different communities.
First of all a brief review of the molecules detected in the interstellar medium (ISM) will be made.
Then a description of two of the main molecular databases for radio-astronomy will be given: the
database maintained by the Jet Propulsion Laboratory molecular spectroscopy group and the Uni-
versity of Cologne database. Finally, our review of the information presented in these catalogues
will be discussed.
2.1 Detected molecules in ISM
Since the first molecular spectra detected in the 1940s, observing electronic transitions of
CH, CH+, and CN, many other species have been identified in the interstellar medium. As might as
expected, the number of known interstellar molecules is growing with the sensitivity and the spatial
resolution of the instruments, that allow us to inspect localised regions and less intense molecular
features. As of January 2008, there are more than 140 species listed as detected in the interstellar
medium or circumstellar shells; the number of molecules detected in extragalactic sources is 36 plus
2 tentative detections (see CDMS web site).
Tables 2.1 and 2.2 list all the species detected in the interstellar and circumstellar media, as of
January 2008. It’s worth noticing that there are some molecules whose detection is weakly proved and
still an sargument of discussion. In particular, two molecules have been reported as detected whose
14
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detection has been questioned fairly convincingly in subsequent papers. These species, not reported
in these tables, are aminoacetic acid (aka glycine), H2NCH2COOH, and 1,3-dihydroxypropanone,
(CH2OH)2CO, (aka dihydroxyacetone).
The detection of the former molecule was reported by [8], who claimed a large number of positively
identified lines in SgrB2(N-LMH), Orion KL and W51 e1/e2. However successive papers brought to
the attention of the scientific community that there seems to be some inconsistencies in the intensities
of the lines. In particular, some of the observed lines seem to be too weak by a substantial amount
that seems to be incompatible with the derived abundances and rotational temperatures; this casts
doubt on these abundances and on the interstellar detection (see Snyder et al.[9]).
In 2005, there was a report on the detection of 1,3-dihydroxypropanone in SgrB2(N-LMH) byWidicus
Weaver & Blake [10], in which the column density derived was very high, about a factor three higher
than that of formaldehyde. However a more recent paper by Apponi et al. [11] seriously questions
the findings. In this work, no line was identified unambiguously and the upper limit derived for
1,3-dihydroxypropanone was lower than the column density derived above by a factor of about 300.
Recently the Harvard group led by McCarthy detected the first anion in the ISM. First,
in 2006, two rotational transitions, J = 4 − 3 and J = 5 − 4 of the hexatriynylide ion, C6H−,
were observed in the interstellar cloud TMC-1 [12]. Just few months later, the butadiynylide ion,
C4H−, was detected by Chernicharo et al. [13] toward IRC+10216 in five rotational transitions from
J = 9− 8 to J = 15− 14 which occur in the 3 and 2 mm regions. The third negative ion detected
was octatetraynylide, C8H−, observed toward TMC-1 in four rotational transitions between 24 and
16 mm by Bru¨nken et al. [14] and almost simultaneously by Remjian et al. [15] in observations
toward the carbon rich star IRC+10216 in five rotational transitions at 12 and 7 mm.
As might be expected the number of molecules detected in the extragalactic sources, table 2.3, is
much less than in our galaxy. Extragalactic molecular spectroscopy was until a few years ago limited
to selecting the strongest features seen in the Galactic centre and disk and looking for them toward
well selected extragalactic targets. Recently a couple of works have reported extragalactic spectral
surveys largely increasing our knowledge of the central region of sturburst galaxies. The first census
of the molecular content of an external galaxy was reported by Wang et al. [16], who observed
19 molecular species toward NGC 4945, using the Swedish-ESO Submillimetre Telescope (SEST).
The first unbiased molecular line survey toward an extragalactic source, namely the central region
of NGC 253, was performed by Mart´ın et al. [17], identifying 111 spectral features as transitions
from 25 different molecular species with observations at the 30m IRAM telescope, between 2001
and 2004. The latest species detected in extragalactic regions is the ion H3O+, observed by van der
Tak et al. [18]; observations of the 364 GHz line of p−H3O+ were carried out towards the centres
of M82 and Arp 220, using the James Clerk Maxwell Telescope (JCMT). The main limitations to
extragalactic spectroscopy has so far been sensitivity, a weak point that the scientific community
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2 atoms 3 atoms 4 atoms 5 atoms 6 atoms 7 atoms
H2 C3∗ c-C3H C5∗ C5H C6H
AlF C2H l-C3H C4H l-H2C4 CH2CHCN
AlCl C2O C3N C4Si C2H4∗ CH3C2H
C2* C2S C3O l-C3H2 CH3CN HC5N
CH CH2 C3S c-C3H2 CH3NC CH3CHO
CH+ HCN C2H2∗ H2CCN CH3OH CH3NH2
CN HCO NH3 CH4∗ CH3SH c-C2H4O
CO HCO+ HCCN HC3N HC3NH+ H2CCHOH
CO+ HCS+ HCNH+ HC2NC HC2CHO C6H−
CP HOC+ HNCO HCOOH NH2CHO
SiC H2O HNCS H2CNH C5N
HCl H2S HOCO+ H2C2O l-HC4H*?
KCl HNC H2CO H2NCN l-HC4N
NH HNO H2CN HNC3 c-H2C3O
NO MgCN H2CS SiH4∗ H2CCNH?
NS MgNC H3O+ H2COH+

















Table 2.1: From CDMS, molecules in the interstellar medium or circumstellar shells, as of 01/2008. Molecules with
2-7 atoms. All the species have been detected through their pure rotational spectra. The asterisked species have been
detected by their rovibration or electronic (C2, CH and CH+) spectrum. Probable and questionable detections are
labelled with a question mark.
Chapter 2: Molecular Databases for Radio-Astronomy 17
8 atoms 9 atoms 10 atoms 11 atoms 12 atoms 13 atoms
CH3C3N CH3C4H CH3C5N HC9N C6H6*? HC11N









Table 2.2: From CDMS, molecules in the interstellar medium or circumstellar shells, as of 01/2008. Molecules with
8-13 atoms. All the species, except the asterisked ones, have been detected through their pure rotational spectra.
Probable and questionable detections are labelled with question mark.
hope to resolve with near future radio astronomy projects, such as the Herschel Space Observatory,
the ALMA array and the SOFIA project.
2.2 Main web databases for radio-astronomy
During the past years, web interface molecular databases have been created. Looking at the
growing number of species detected in the interstellar and extragalactic medium it’s become crucial
to have a link between the astronomical and the spectroscopy laboratory spectroscopy communities.
An important incentive to create this link has been that the relevant laboratory data is scattered
over many journals and very many issues. Among the databases listing microwave and THz data
we want to focus our attention in this section to two of the main ones, largely used by the radio
astronomical community. One of the keys of the successes of these two databases, other than their
continuous update, is the homogeneity in the format used.
2.2.1 Jet Propulsion Laboratory database
The line catalogue maintained by the microwave molecular spectroscopy group of the Jet
Propulsion Laboratory (hereafter JPL) dates back to 1985 [19], when its first version offered a
computer catalogue of submillimetre, millimetre, and microwave spectral lines up to 10 THz. Since
then the spirit of this database has been to offer an interface, nowadays in a Web-based version1,
based on the present and projected needs of both astronomers and atmospheric scientists [20].
The catalogue gives predictions resulting from least-squares fits of measured spectral lines, mostly
1http://spec.jpl.nasa.gov
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2 atoms 3 atoms 4 atoms 5 atoms 6 atoms 7 atoms
OH H2O H2CO c-C3H2 CH3OH CH3CCH
CO HCN NH3 HC3N CH3CN
H2 HCO+ HNCO CH2NH









Table 2.3: From CDMS, molecules detected in extragalactic regions, as of 01/2008. All the species, except the
asterisked ones, have been detected through their pure rotational spectra. Probable and questionable detections are
labelled with question mark.
obtained from the literature. For each species documentation is available in printed form as a JPL
publication [21] and also on the catalogue Web site. This provides the intensity and frequency
limit in the catalogue, partition functions at representative temperatures, assumed dipole moments,
literature citations for the experimental lines, and a brief description of the nature of the Hamiltonian
model used in the calculation. The catalogue files are composed of 80-character lines, with one line
entry per spectral transition giving the quantum numbers, the centre-frequency in MHz and the
assumed uncertainty. The intensity for each transition is also reported in units of nm2MHz, based
on the integral of the absorption cross-section over the spectral line shape. The value of the intensity









−E′′/kT − e−E′/kT ] 1
Qrs
(2.1)
where νba is the line frequency, E′′ and E′ are the lower and upper state energies, respectively, Qrs
is the rotation-spin partition function (using the same zero of energy as E′′ and E′), Siba is the line
strength and µi is the dipole moment along the molecular axis i.
In general, where not explicitly stated in the documentation, no vibrational partition func-
tions is included for the intensity calculation.
Other useful information are listed in the catalogue such as the partition function, the lower state
energy in cm−1 relative to the lowest energy spin-rotation level in the ground vibronic state, the
upper state degeneracy, an identifier tag of the species and a code allowing the quantum numbers to
be identified. The tag consists of six digits; the first three represent the mass number of the molecule
and the last three are an identification number for the given mass (see section 2.3). For a detailed
description of the quantum number format used in the catalogue see the next chapter. There is also
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a directory file which lists each species by name and tag and gives the total number of lines for that
species, the version number of the catalogue file and the base 10 logarithm of the partition function
for temperatures of 300, 225, 150, 75, 37.5, 18.75, and 9.375K, respectively. The total number of
species listed in this catalogue, is continuously increasing and is 365 as of August 2008.
2.2.2 The Cologne Database for Molecular Spectroscopy
While the JPL catalogue is suited for different purposes, from astronomy to atmospherical
and planetary science, the Cologne Database for Molecular Spectroscopy2 (hereafter CDMS) is
devoted principally to radioastronomy. The first version of this database dates back to 2001 [22] with
111 species listed; currently (February 2008) the total number is 447. The entries of the catalogue
are not restricted to species already observed in the ISM and circumstellar medium (CSM), but also
include molecules that may be found in the future. Therefore the database can be, and has been
used to identify new molecules in space.
The format of the catalogue entries is identical to JPL. For each entry a list of transitions in MHz or in
cm−1 with related uncertainties is available. A documentation file for each species gives information
about the chemical formula, minor isotopologues, excited vibrational states, version number and
the person responsible for creating the entry. Furthermore it lists sources of the experimental
data, consideration for spin-statistics, fine and hyperfine structure, partition function, and molecular
properties, such as rotational constants and dipole moment component values. It’s worth noticing
that for each species whether it has been observed in the ISM or CSM or in extragalactic regions is
reported. All the information relating to astronomical observations are listed in a single web page
that summarises all the species detected in the ISM, CSM and extragalactic regions, from which
tables 2.1, 2.2, and 2.3 are derived. References to the relative astronomical publications can be
found by a link on this page especially for the most recently detected species.
In view of the radio-astronomical purpose of the catalogue, each isotopologue and each vibrational
state is given as a separate entry, even if they have been treated together in the fit to make the
predictions. However, for diatomic species, excited vibrational states are given together with the
ground vibrational state as long as these excited states are relevant for astronomical observations.
For the same reason, when fine or hyperfine splitting is of relevance for astronomical observations
only for a number of the transitions listed, most commonly the general entry does not include this
splitting: but separate files are available that contain this information for a selected quantum number
or frequency range.
2http://www.cdms.de
Chapter 2: Molecular Databases for Radio-Astronomy 20
2.2.3 Other molecular databases for astrophysics
The two databases described above are the most pertinent to our work and are those that
will be referred to in future chapters. However, it’s worth noticing that other molecular databases
exist that are used by the radio-astronomical community.
Among these, one of the most used is the database of Frank Lovas at the National Institute of
Standards (NIST, USA). This Web based database3 provides the rest frequencies for observed in-
terstellar molecular microwave transitions, along with uncertainties and references to astronomical
and laboratory publications of each transition.
The Splatalogue catalogue4 is a transition-resolved compilation of the JPL, CDMS and Lovas/NIST
lists containing 865 chemical species. This is a molecular spectroscopy database developed at the
National Radio Astronomy Observatory (NRAO, USA), whose main goal is supporting the ALMA
Working Group on spectral line frequencies.
The Leiden Atomic and Molecular Database5 (LAMDA) is the catalogue maintained by the van
Dishoeck group at the University of Leiden (The Netherlands). The aim of this project is to provide
users of radiative transfer codes with the basic atomic and molecular data needed for the excitation
calculations. Line data of a number of astrophysically interesting species are summarised, including
energy levels, statistical weights, Einstein A-coefficients and collisional rate coefficients. Currently
the database contains atomic data for 3 species and molecular data for 24 different species. In
addition, several isotopologues including deuterated species are available.
The BASECOL6 database is devoted to collisional ro-vibrational excitation of molecules by colliders
such as atoms, ions, molecules or electrons. It is supervised by an international working group of
molecular physicists and astrophysicists involved in the calculations and use of rovibrational cross-
sections, and maintained by Marie-Lise Doubernet at the Paris-Meudon Observatory.
2.3 Summary of web databases
Chronologically, the very beginning of my thesis work was devoted to creating a summary
of spectral data available for radioastronomy, with the clear idea to define priorities for new mea-
surements and analyses. For this purpose we created a table in which we have listed all the species
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catalogue. We also included a few other potentially detectable species and (whether detected or
not) isotopologues and vibrationally excited states of detected species.
The full version of this table can be found on the CESR CASSIS Web page7. Another important
goal of this work is to give to the astronomical community a “suggested” database for each species
of interest. Equally the spectroscopic community can use this table to have a first and rapid idea
of the quality and availability of laboratory data for specific species. Compiling this table we have
chosen for each entry a specific databse for reference. This choice is mostly based on two criteria
which are in general correlated
The first criterion is the date of the last measurements, or analysis when different. This
choice takes into account the advancement in laboratory techniques and the consequential improve-
ment in the measurement accuracies.
The second criterion is the extent of the frequency and quantum number range of the
measurements used. It will be shown in the next chapters how an extrapolation based on low
frequency data must be treated carefully in order to avoid bad assignments in astrophysical spectra.
Moreover, while interpolations (within existing frequency and quantum number ranges) are generally
reliable, extrapolation should always be viewed with some caution; this is especially true if the input
data set is small, if the Hamiltonian converges slowly (e.g. for light hydride species), or for species
with large amplitude motions or with vibration-rotation interactions. Exceptionally other criteria
such as giving hyperfine structure or including more vibrational states etc. may be used in the choice
of database. In just a few cases both databases are cited since each has an advantage to be chosen
according to the astrophysical measurements to be taken.
In the present version the table is composed of 29 columns that we will now describe in
detail.
1. The species are first sorted by their number of atoms, column# in the table, from the simplest
diatomics, up to the most complex molecules so far detected composed of 13 atoms (and one
entry for HC13N potentially detectable).
2. The second column gives the species tag. The code is the same as that used by the databases
themselves, that is a six-digit number wwwxyz, in which the first three digits www indicate
the molecular weight in atomic mass units, the fourth digit x identifies the database (0 for
JPL and 5 for CDMS), and the last two digits yz are used to separately identify species with
the same molecular weight. Charlotte Vastel (CESR) has created a database based on entries
in JPL and CDMS in which she separates ortho and para species of the same molecule, in this
case entries are denoted respectively by y = 9 and y = 8.
7http://www.cesr.fr/∼walters/web cassis/Divers/Molec tab.pdf
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3. The chemical formula of the species is reported in the molecule column. Several identifiers
are added as notes:
(a) ∗ Hyperfine splitting details can be found on the documentation link of the molecule on
CDMS web page;
(b) ∗∗ Ortho and para species are treated separately;
(c) ∗ ∗ ∗ The first transition of the species is about 1 THz or higher;
(d) ! For these molecules predictions may have substantial uncertainties;
(e) ? Where the detection is not sure yet;
4. The next three columns give the minimum measured, the maximum measured and the
maximum predicted frequency in MHz. As previously stated this information is among the
most relevant in this table, giving a first idea of the validity of the data for a specific molecule.
As a rule of thumb, when a predicted frequency is far higher than the maximum measured
one, it must be treated carefully.
5. Information concerning the measured quantum numbers can be found in the next four
columns. The lowest and highest measured principal quantum number J (or N) is given,
and the same information for its projection along the symmetry axis K (or Ka for asymmetric
tops). The remarks concerning the validity of frequency extrapolations concern also predictions
extrapolated far from the quantum number range measured.
6. The year of the last measurement of the species is reported in the next column. When this
year does not coincide with the latest analysis performed by the database managers the latter
is also listed in brackets.
7. The database chosen is given in the next column. This could be improved in the near future
with a direct link to the appropriate Web page for the species considered.
8. In the next column the energy, in units of cm−1, is reported for the lowest vibrational level
of the molecule. This gives some idea on the probability of finding this state in the cold
interstellar medium.
9. A brief summary of the spectroscopy and astrophysics notes given later is given in the next
column.
10. The next column gives the quantum number format (QNF) used by the databases, which
indicates the choice of the quantum numbers used to define the transitions. A description of
the QNF will be given in the next chapter.
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11. Two columns give additional astrophysical and spectroscopical information. In the former
can be found details about astrophysical detection and associated references. The latter gives
details concerning the quality of the laboratory data, specificities such as fine or hyperfine
structure and details of the analysis that are mostly resumed from information given on the
database Webpages. Additional information may also be given, particularly concerning work
that is not yet included in the databases. This information may later be included in the
CASSIS package as part of the online help.
12. The species name is given in the next column of the table.
13. The next eleven columns are checkboxes for regions where the molecule has been identified in
space.
The whole table can be downloaded directly from the link given. As can be seen, the table
is quite large and hence just a brief extract is given here (Fig. 2.1). Due to new astrophysical
detections, new database entries (several per month proving the amount of ongoing spectroscopy
work), and a time-consuming process to improve and extend the information given; the table is
updated approximately once every six months.


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































experimental and analytical tools
After the description of the motivations and the general principles of our research work, a
specific description of data acquisition and analysis will now be given. The general idea followed for
all the species analysed is summarised in Fig. 3.1.
First of all a detailed study of what is already known about the species is carried out, making use
of all the available information in the literature. This step is crucial in order to have a full idea of
what has already been done and to make a first prediction of the spectrum in the region selected for
the following measurements. A comprehensive analysis of previous work is also useful to have the
first constraints on the experimental setup to be used to have the best signal, especially when the
species to be analysed is reactive and needs to be created in-situ (see for example next chapter).
Once the experimental details have been defined data acquisition is carried out, making use of
hardware and software developed by the JPL spectroscopy laboratory. The custom-designed software
allows a real-time knowledge of the acquiring spectrum as it is acquired so that small adjustments
of experimental conditions can be made to continuously optimise the signal.
The resulting spectra are stored in files easily readable by the SubMillimetre Analysis Program
(SMAP), also developed by the laboratory. A file with all the transitions assigned is then created
and analysed with the SPFIT program [23]. Subsequently new predictions may be made with SPCAT
to measure in other frequency regions. Finally a new catalogue entry for the species is made in the
JPL database.
In the following sections an overview of the experimental setup and the analysis software will be
given.
25
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Study of the species
Measurements
Data Acquisition
SMAP SPFIT / SPCAT
Experimental setup
Figure 3.1: Flux diagram describing the acquisition and analysis process adopted for each species.
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3.1 Experimental setup
The experimental part of the thesis was carried out at the microwave spectroscopy labo-
ratory of the Jet Propulsion Laboratory (NASA-CalTech) in Pasadena, USA using spectrometers
developed in this laboratory ([24], [25]). The setup is composed of a computer controlled commer-
cial synthesiser and millimetre-wave module driving a series of amplifiers followed by a series of
wide-bandwidth frequency doublers and triplers. In fact, this laboratory spectrometer is based on
the general approach adopted for the local oscillator for the Herschel Space Observatory (HSO),
utilising a number of technologies developed for the Heterodyne Instrument for the Far Infrared on
the HSO and for the Atacama Large Millimeter Array. The technology is essentially based on planar
GaAs Schottky barrier varactor diodes as frequency multipliers (see multiple references in Drouin et
al. [24]) and broadband monolithic millimetre-wave power amplifiers [26]. A schematic plot of the
spectrometer is shown in Fig. 3.2
Figure 3.2: Block diagram of the frequency multiplied submillimetre spectrometer [24].
3.1.1 Sources and input electronics
The radiation source of the spectrometer is a sweep synthesiser source connected to a high-
quality external reference signal. The synthesiser (Hewlett Packard 8340b) is computer controlled
through a standard general purpose interface bus (GPIB) and is used in phase-locked continuous-
wave mode for all measurements. The general requirement for high-sensitivity absorption measure-
ments is that the sweep synthesiser has a low phase-noise output and no RF blanking when stepping.
The 5 MHz standard available at JPL locks the sweep synthesiser to 1:1011.
For suppression of frequency spurs and harmonics a tunable Yttrium Iron Garnet (YIG) filter, at-
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Device Multiplier Range (THz) Maximum Power (µW) Typical Power (µW) Harmonic content
AMC-15 4 0.05-0.07 4000 2000 <-30 dB
AMC-10 6 0.07-0.11 3000 1000 <-30 dB
Agilent 83558A 6 0.07-0.12 2000 1000 <-30 dB
MUT-05 3 0.14-0.22 400 50 <-30 dB
MUT-04 3 0.18-0.27 120 40 <-30 dB
VDI 1.9×5 5 0.40-0.60 40 10 -20 dB ×6, ×7
VDI 1.5×6 6 0.60-0.75 100 30 -20 dB ×4
VDI 1.2×5 10 0.77-0.85 50 10 <-30 dB
JPL ×2×2×2 8 0.70-0.83 800 50 . . .
JPL ×2×2×3 12 0.84-0.95 400 50 -23 dB ×8
JPL ×2×2×3 12 1.05-1.28 100 30 -26 dB ×16
JPL ×2×3×3 18 1.55-1.65 12 4 . . .
Table 3.1: Multiplier chains used in the JPL spectrometer [24].
tached at the output of the source RF, is swept simultaneously with the sweep synthesiser. This
notch filter suppresses signals more than 50 MHz from the selected 11–18 GHz RF by more than 35
dB. Two types of commercial frequency sextuplers are utilised to reach 0.07–0.12 THz, the Agilent
83558A or the Millitech AMC–10. Since these modules produce only a few mW, amplification of the
millimetre wavelength radiation is absolutely critical to create sufficient drive power for cascaded
multipliers. Monolithic microwave integrated circuit amplifiers (MMIC) utilising a 0.1 µm gate
GaAs process for 0.060–0.120 THz or a 0.1 µm gate InP process are utilised. Two to four cascaded
doublers or triplers follow the power amplifiers and generate the submillimetre wavelength radiation;
these are dc biased with an Agilent E3610 power supply connected to the bias input through an
ampere meter and a two-step RC protective circuit. All multipliers are disconnected from the bias
supplies during power on operations and connected or disconnected only with the power supplies set
to 0V. All rack devices and power supplies are filters, surge protected, and battery supported with
an uninterruptible power supply. Overvoltage and electrostatic damage to the multiplier circuitry is
minimised with this equipment. The amplifier gates and drains are also biased with E3610 supplies
using the same procedure. Multiplier bias is applied before amplifier bias prior to application of RF
at turn on. In this way there is no possibility for RF-induced self-bias with no dc applied. Negative
current from a self-biased circuit, depending on frequency and power input, can cause irreversible
damage to the multiplier diodes. Turn off is the reverse sequence.
Frequency measurements from 50 to 850 GHz are made utilising commercial multiplier chains from
Millitech, Agilent and Virginia Diodes (VDI). The frequency ranges, power characteristics and known
harmonic contents of these and the JPL-built devices are listed in table 3.1.
In this arrangement two or three GaAs millimetre wavelength amplifiers produce 40–120
mW; at 400–600 GHz a quintupler (VDI 1.9×5) produces 10–40 µW; at 600–750 GHz a doubler
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followed by a tripler (VDI 1.5×6) produces approximately 100 µW; at 770–850 GHz a biased doubler
(VDI D166) and a passive pentupler (VDI WRI 1.2×5) generates 10–50 µW. Optimisation of the
submillimetre power is accomplished through alignment as well as tuning the bias or adjusting the
input power using the amplifier voltage as variable gain.
A high–power 0.84–0.95 THz source designed for Herschel utilises three cascaded amplifiers produc-
ing nearly 300 mW at 70–83 GHz. Two negatively biased doublers and one positively biased tripler
produce between 50 and 400 µW up to 930 GHz. The tripler output drops to a few µW, and is
useful for spectroscopy up to 950 GHz.
Coverage of the 1.05–1.28 THz range is accomplished with four cascaded power amplifiers producing
in excess of 150 mW of RF from 87–107 GHz, followed by three multipliers: a 0.200 THz output
doubler, a 0.400 THz output doubler, and a 1.2 THz output tripler. This particular multiplier chain
survived a Herschel qualification program, including RF, thermal and mechanical environmental
testing. Additionally it was used extensively in debugging of Herschel test configurations with un-
changed RF output power characteristics.
Another frequency multiplier chain operating close to 1.6 THz was also utilised for our measure-
ments of molecular spectra. This cascaded doubler/tripler/tripler arrangement was self-biased for
our measurements but can be tuned somewhat with the bias of the second stage.
3.1.2 Cells and sample handling
The submillimetre radiation formed as described above is passed through a gas cell. Two
different cells were used for our measurements, depending upon whether stable molecules or ions were
investigated. In both cases the setup is based on a glass cell with 5–cm open end flanges and three
sidearms enveloped in a glass jacket for cooling and wrapped with aerogel insulate, available from
Aspen Laboratories in the form of an acrylic blanket. The open end flanges have O-ring grooves that
allow a compression seal with the window surface. The sidearms are fitted with Teflon stop-cocks for
access to the vacuum pump and sample sources. These valves can be open for flow studies or closed
for static gas measurements. The cell can be cooled to less than 150 K using the dry N2(g) effluent
of 230 psi pressurized N2(l). Windows are made of polypropylene with a wedged surface to minimise
etalons. Both polyethylene and polypropylene have superior transmission properties compared with
Teflon at THz frequencies, and polypropylene is far easier to machine to desired specifications.
3.1.3 Detection and readout electronics
Detection is performed with a composite silicon bolometer cooled to 2.1 K with pumped
liquid helium. The detector is followed by a preamplifier and then a lock-in-amplifier (LIA); molec-
ular absorptions can be recorded in three different detection schemes: amplitude modulation (AM),













Figure 3.3: Basic scheme of the glass sample cell configuration for stable molecule measurements. More details on the
specific setup used for the different species can be found in the relative chapters.
frequency modulation (FM) and toneburst modulation (TM). The commercial synthesiser supports
external modulation whether AM, FM or a combination of the two. The amplitude modulation
technique requires application of a > 1V positive square wave, turning it on and off, and resulting
in a direct absorption profile detectable at 1f at the lock-in-amplifier; matching the square-wave
frequency to detector response time maximises the signal-to-noise ratio (S/N) [24].
The frequency modulation technique dithers the continuous-wave source frequency with an applied
sine wave; matching the FM rate to detector response time and the FM depth to absorption linewidth
maximises the S/N [24], and 2f detection used to reduce background oscillation from standing waves
results in a second derivative line with a Gaussian-shape peak. The silicon composite bolometers
are too slow (time constant of few ms) to adequately detect rapid FM, and the modulation depth
on synthesisers is voltage dependent and limited in amplitude to modest voltages. Therefore the
modulation at a detectable rate cannot match both absorption linewidth and detector speed. As a
result slow detectors require either AM or TM.
In toneburst modulation a fast dithering sine wave is “chopped” on and off at a slow rate; 1f detec-
tion results in an approximate second derivative Gaussian line shape. The separation of side lobes
depends directly on both the modulation amplitude and dithering frequency. Matching of the chop-
ping frequency to detector speed and side-lobe separation to transition linewidth maximises S/N
[24]. For all our measurements this last technique has been adopted, due to the reasons described
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above. However, when making a source power scan, where a rapid characterisation of the source is
required and high sensitivity is not necessary, amplitude modulation was preferred.
3.2 SubMillimetre Analysis Program
The acquisition software (SMMCVI) collects the whole spectrum in a single “.hp” file. This
is basically a data text file containing the information on the intensity, in arbitrary units, for each
frequency step performed by the spectrometer. For each scan it also includes other useful details
concerning the initial pressure of the measurements, the lock-in parameters (such as sensitivity and
time constant), and notes added at the end of the corresponding scan useful for the analysis process.
Usually, a preliminary scan to define the best setup, such as pressure of the sample, optical alignment
and demodulation parameters, is performed. As previously noted, the acquisition software allows
a real-time monitoring of the spectrum, and hence adjustment can be carried out during this time
(red-continuous arrow in Fig. 3.1).
Once the measurements are completed the spectrum file can be processed with the SMAP software
(free download at http://spec.jpl.nasa.gov/ftp/pub/calpgm/) developed by Dr. Brian J. Drouin.
This graphical program permits an easy assignment of the transitions making use of two main input
files (3.4):
1. A data “.hp” file;
2. A catalogue“.cat” file, obtained making use of the SPCAT software (see next section).
The assignments process is hence based on the comparison of the acquired and predicted
spectrum. If contaminating lines of other molecules are present in the same spectrum ((for example
other isotopologues or species degassing from the cell cleaning walls), several catalogues, up to 10
in the present version (September 2007), can be used at the same time in order to disentangle the
different features.
In Fig.3.5 a snapshot of the software main windows is shown. At the top of the window
the load data and catalogue file tools can be found. In the case of multiple predictions a unique
colour for each can be used in order to distinguish the various species. The largest part of the main
window is devoted to the visualisation of the scan. Using the JPL spectrometer, as mentioned in the
previous sections, it is quite easy to obtain a very broad spectrum with hundreds of transitions in
it. A first look at the whole scan is hence important to have an idea of the locations of the different
branches; then the zoom tool can be used to select a specific region (for simultaneous display of the
data and the predictions) and to determine more clearly the frequency of the transitions.
At the bottom of the window several tools can be found to help the assignments and the creation
of a data file readable by the fit program.





Figure 3.4: SMAP software input and output ports. The meaning of the .cat and .lin file will be shown in the next
section.
In the setting panel (Fig. 3.6) can be found filters for the simplification of the whole spec-
trum and the specific transitions. A picker width setting chooses the number of points around the
maximum that are used to define the centre frequency. Usually this value is left constant through all
the analysis of a single scan, if the frequency sampling had not been changed during the acquisition.
When the linewidth is small compared to the oscillation of the fluctuating baseline, caused by the
presence of standing waves inside the cell, a numerical derivative filter can be used. This procedure
subtracts points on either side of the central point from twice (or more) the value of the central
point. The technique eliminates the baseline and amplifies the peak height of the line when the
point separation is matched to one half the resonance side-lobe separation. A smoothing filter that
reduces high-frequency noise can also be used both during the scan and during centre-frequency
measurements.
The scaling panel (Fig. 3.7) is used to define, automatically or manually, the frequency
region to be analysed; using the “up” and “down” buttons in manual operation mode it’s possible
to move step-by-step the selected area defined by the “increment” setting.
To adjust the main parameters of the predictions from the catalogue file the simulation
settings panel (Fig. 3.8) can be used, allowing also to simulate the transitions with different profiles:
a second derivative of an absorption profile, Gaussian and Lorentzian. As previously mentioned, all
our measurements were performed in absorption with a demodulation locked on the second harmonic
of the modulation frequency, hence obtaining a second derivative line shape; for this reason all our
analyses made use of only the first simulation type. The simulation can be tuned to the linewidth
and the point spacing (both in MHz and to the data intensity) with coarse and fine regulation When
several catalogues files are loaded and the “cutoff” or “full” setting is selected the software is able
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Figure 3.5: Snapshot of the SMAP main window.
Figure 3.6: SMAP settings window.
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Figure 3.7: SMAP scaling window.
to reproduce a unique simulation with the expected intensity ratio after addition of the different
components. In this case each individual intensity has to be regulated in advance. higher frequency
source harmonic contents are usually cancelled out by the using of a YIG filter, as described above
(section 3.1.1). However, the simulation settings panel can also simulate these contents, in order to
check if they are present in the acquired spectra.
Figure 3.8: SMAP simulation settings window.
Through the spectrum calculator panel (Fig. 3.9), it is possible to manipulate the data
file (or the simulation) using several operational tools, such as logarithmic, additive or multiplicative
operators, and store the transformed scan in a temporary buffer to compare with the simulation
(or the data). This technique can be be very helpful to detect some systematic errors that can
accidentally occur during the acquisition of the spectra or the building of the catalogue. Another tool,
useful especially on broadband spectra to eliminate the baseline, uses a fast Fourier transform/inverse
fast Fourier transform (FFT/IFFT) filter. A transformed version of the data is convoluted with an
inverted exponential decay (high pass filter) to remove slowly varying periodic components. This
filtered data is then reverse transformed to reproduce a baseline removed frequency scan.
Chapter 3: Jet Propulsion Laboratory experimental and analytical tools 35
Figure 3.9: SMAP spectrum calculation window.
The key panel for identification of the transitions and their successive assignments is the
line list and assignment (Fig. 3.10). In this panel all the peaks found in the portion of the scan
visible in the main window are listed. For an easy identification of the corresponding transition,
the information of all the transitions catalogued in the selected spectral range are also shown, with
the corresponding colour chosen for the graphical simulation in order to distinguish if necessary the
different species. Once the matching between the measured peak and the catalogue is made, the
“assignments” tool can be used to export the data in a text file with a format (“.lin”) that can be
directly used by the fitting program.
Figure 3.10: SMAP line list and assignment window.
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3.3 The analysis: SPFIT & SPCAT software
The final result of the assignment process is the creation of a text file reporting all the
transitions. This can then be used as input for programs that use subroutines developed by Herbert
M. Pickett in C language, to calculate energies and intensities for linear molecules, symmetric and
asymmetric rotors, with up to 999 vibrational states and up to 9 spins. The fitting analysis software,
SPFIT (Singlet-Pi FIT) is a program which is used for fitting experimental data with a basic set of
molecular constants. It takes input files with extensions “par” and “lin”, copies the “par” file to








Figure 3.11: Schematic flow chart of the SPFIT software.
In the “lin” file, that can be produced for example by the SMAP software, the experimental
transitions assigned can be found with an up to 12-integer field of quantum numbers (a 6-integer
field has been used for the example shown in Fig. 3.12) in the format “Upper Lower” state followed
by the transition frequency with its experimental uncertainty, both in MHz. These values can be
expressed in wavenumber units (cm−1) by putting a minus sign as a flag, before the uncertainty. A
relative weight of the line within a blend, normalised to unity by the program, can also be used. If
successive lines have the same frequency and experimental error, the lines are treated as a blend.
Everything found after the “/” is not read by the software and can used as comment area for the
line.
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 30  1 30 29  0 29                     588527.0744    0.1000   1.2134e-03  /note
 26  2 25 25  1 24                     589199.7967    0.1000   8.1470e-04  /note
 29  1 28 28  1 27                     590103.4806    0.1000   1.3305e-03  /note
 14  2 12 13  1 13                     592817.0686    0.1000   2.7669e-04  /note
 29  3 27 28  3 26                     594888.5303    0.1000   1.2417e-03  /note
Figure 3.12: Example of “.lin” file format
The parameter file is used to specify other information needed for the fit. A complete
description is available in the online documentation [27] and relevant publication (see for instance
[28]). Basically it allows the definition of the maximum numbers of molecular parameters, the
number of transitions to be analysed and the maximum number of iterations of the fit. It also
defines the starting values of the parameters and the assumed uncertainty. It is also possible to
specify an error threshold defining the maximum allowed [(obs-calc)/error], where the numerator
represents the residual of the measurement to the fit value. This can be useful in order to identify
and exclude badly assigned lines. In this file can also be defined the the symmetries of the species
under study.
The complexity of this parameter file is essentially due to the great generality of the Pickett program.
The advantage is that it can be used for many very different species. The disadvantage is that it
must be adapted each time to the particular case and hence requires some expertise to set up. Some
specific examples of parameter files used in our work will be explained in the chapter on the relevant
species.
All the information concerning the fit run can be found in the main output “.fit” file of SPFIT.
This file gives for each iteration the updated parameters, the corresponding uncertainties and the
variation of each parameter since the last iteration. For the first iteration the values in the “.par”
file are used and subsequently the parameters represent the best values from the previous least
squares fit. Each iteration also gives a complete list of the data set defined in the “.lin” file; for
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each transition the quantum numbers, experimental frequency, supposed experimental uncertainty,
frequency calculated from the last parameter set and the residual (observed-calculated) is listed.
Where several transitions have been measured with the same frequency (blend) this is also compared
to the weighted average of the predictions and the relative weight of each line in the blend indicated.
To have a quick idea of the quality of the fit, information concerning statistical uncertainties are
given for each iteration. In the case where both microwave and infrared data have been used in the










where the δ’s are the residuals weighted by the experimental uncertainty assigned, and N
the total number of transitions used in the fit.
Finally, for each iteration a parameter correlation matrix is given in order to identify strong correla-
tions in the fit between certain parameters. After saving the old parameter set in a “.bak” file, the
SPFIT program creates a new “.par” file and a “.var” file, whose format is essentially the same
as the parameter file but which also contains the parameter correlation matrix that will be used by
the SPCAT software for the frequency catalogue.
The SPCAT software is used to create a new catalogue of a molecular species making use
of the parameters derived from the fitting procedure. The basic scheme is described in Fig.3.13.
The input files are the “.var” file, coming from SPFIT, and the “.int” file. In the latter
can be found information for the intensity calculation, thorough the definition of the dipole moment
components of the species for each one of the vibrational states included in the analysis. The species
tag (see previous chapter) can also be defined as can the partition function for a specific temperature.
The upper and lower limits for the quantum numbers, intensities, and frequencies to be included in
the predictions can also be specified.
The main SPCAT output is the catalogue file (Fig. 3.14).
This is the file that can be found on the JPL and CDMS web databases for each molecule.
The first column gives the frequency in MHz of the transition, defined at the end of the line by the
quantum numbers of the upper and lower state, in the same format as they are in the corresponding
line file. The uncertainty on each frequency prediction, also in MHz, is reported in the second
column. In the next column the base 10 logarithm of the integrated intensity in units of nm2 MHz
is listed; the fourth column gives the degrees of freedom in the rotational partition function (0 for
atoms, 2 for linear molecules and 3 for non-linear ones). The lower state energy in wavenumnber
units (cm−1) and the upper state degeneracy are given in the next two columns. The tag of the
species can be found in the next column. A negative value flags that the line frequency has been








Figure 3.13: Schematic flow chart of the SPCAT software.
   41672.5972  0.0013  -5.4758  3     2.5374    5   46005 303    2 1 2       1 1 1       
   43421.1014  0.0013  -5.3115  3     0.7249    5   46005 303    2 0 2       1 0 1       
   45257.2970  0.0013  -5.4044  3     2.5972    5   46005 303    2 1 1       1 1 0       
   49495.7044  0.0057  -5.9391  3    73.0282  27  46005 303  13 211    13 212       
   51590.9779  0.0069  -5.9540  3  169.2768  41  46005 303  20 317    20 318       
Figure 3.14: Example of “.cat” file format
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measured in the laboratory; in this case the second column shows the reported experimental error.
Before the quantum numbers can be found a column with an up to four digit integer QNFMT that
identifies their format.
Figure 3.15: Quantum number format used in the “.cat” and in the JPL and CDMS web catalogues (SPFIT/SPCAT
documentation).
This integer has 3 sub-fields: QNFMT=Q*100+H*10+NQN, where NQN is the number of
quanta per state, H is a binary code to indicate the existence of half integer quanta for the last three
quantum numbers, and Q is the number in square brackets in Fig. 3.15. Other than the “.out”
file, that mainly represents a report of each fitting procedure (including partition function informa-
tion and calculated line strength values of each transitions), two other output files can be enabled,
through the “.int” file. In the strength output file (“.str”) information on the reduced matrix
element of each transition dipole can be found, while energy in cm−1 and the relative uncertainty
of each state are listed in the energy file (“.egy”).
Both SPFIT and SPCAT are used iteratively when working on new measurements and
analysis. The procedure usually followed is to look in the literature to have, when available, a first
set of measured transitions and/or fitted constants. When no microwave data has been taken before
infrared or optical data is used and if this does not exist then ab-initio parameters are used to run
a first approximate prediction used subsequently to identify possible patterns in the experimental
spectra. Once a few lines have been assigned, a refinement of the parameters is carried out. When
a good set of parameters has been found, the next step is to add step-by-step new lines to the
“.lin” file while continuously monitoring the fit output in order to understand if some lines are
badly assigned or if new parameters are required to fit higher frequency (or quantum number) lines.
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This procedure is performed iteratively until all the dataset has been analysed. In general where
different frequency zones are to be measured it is best to work first at the lowest frequency and
then progressively upwards as the parameters are refined. Once all the “good” transitions have been
included in the final analysis, a new catalogue file for the species can be generated with the SPCAT
software.
Keeping this procedure in mind in the following chapters will be shown new measurements of as-
tronomically interesting species, whose measurements have been carried out at the JPL laboratories




4.1 HCO+: observations in space and the laboratory
HCO+ (formyl ion) is an ubiquitous and abundant molecule in the interstellar medium,
observable in a multitude of different objects. Examples include: protoplanetary nebula [29], the
envelope around a t-tauri star [30], giant molecular clouds such as Orion [3], photodissociation and
photon dominated regions [31, 32], massive star forming regions [33], molecular outflows [34], dense
regions in a diffuse cloud around Cygnus OB2 [35], the dense cores of the Galactic Circumnuclear
disk [36], comets [37] and the diffuse interstellar medium [38]. HCO+ emission has also been observed
towards external galaxies both in nuclei ([38], [39]) and disks ([40] and references therein) and at
high-redshift (z > 2) [41]. It is a key molecule for astrophysics because it has a relatively large
abundance and large dipole moment and therefore is used as a tracer of high density molecular gas.
The formyl ion was detected in the interstellar medium as Xogen [42] before being identified in the
laboratory. Then, in 1975, the ground rotational transition was detected by microwave spectroscopy
[43]. Finally, its rovibrational spectrum was observed by infrared laser spectroscopy in 1983 by [44].
No measured electronic spectrum of this species has been reported. Since its initial identification,
rotational spectra of the formyl ion have been reported numerous times. First studies [43, 45, 46],
each utilised the DC discharge of low pressure molecular hydrogen and carbon monoxide. The
rotational spectrum of HCO+ in the ground vibrational state was recently re-measured by Savage
and Ziurys [47] who used an AC discharge to eliminate any systematic Doppler-shifted offsets.
They also measured two new lines, extending the highest precision measurements up to 624 GHz.
Previously van den Heuvel and Dymanus [48] had measured three far-infrared transitions up to 1070
GHz with lower experimental accuracy, estimated around 1 MHz.
Rotational lines of vibrationally excited HCO+ may be observed in hot or highly excited objects.
42
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The lowest energy vibration is that of the bending state at 828.2 cm−1.
With the launch of the Herschel Space Observatory the far-infrared spectral region will be opened
for astrophysical spectroscopy. A study of the higher rotational transitions of HCO+, compared to
for example HCN could help to separate the effects of chemical, versus excitation, processes [31].
However, just as at lower frequencies, very accurate transition frequencies will be required.
4.2 Ion chemistry in the interstellar clouds and HCO+ for-
mation
Even before molecular ions were found in dense interstellar clouds, it had been suggested
that these ions play a prominent role in the chemistry occurring in the gas phase since, especially in
cold regions, the dominant processes are exothermic reactions that have no activation energy [49].
Unlike most neutral-neutral reactions, ion-molecule reactions often do not possess activation-energy
barriers and so play a crucial role despite the low fractional ionisation in dense clouds. The chemical
processes leading to the formyl ion start from the formation of molecular hydrogen on the surface
of dust grains which is then released to the gas either during the reaction or by evaporation. In the
gas phase, ionisation can occur, caused by encounters with cosmic rays, typically with relativistic
energy of 100 MeV or more. This process leads to the removal of a single electron and the formation
of H+2 . Typically within a day, this ion reacts with molecular hydrogen, the dominant species to
form the H+3 ion:
H+2 +H2 → H+3 +H (4.1)
H+3 does not react with molecular hydrogen and hence is relatively abundant, however,
since it does not possess a permanent dipole moment, it does not have a strong rotational spectrum
and so has not been directly detected except in absorption in the spectra of two molecular clouds [50].
The role of this ion as a precursor of more complex species is crucial. If we consider a mainly neutral
gas consisting of H2 and atoms of the heavier elements, in addition to dissociative recombination,
through the capture of electrons, H+3 is depleted by reactions with these heavy atoms. A first
important chain of reactions is initiated by oxygen:
H+3 +O → OH+ +H2 (4.2)
OH+ +H2 → OH+2 +H (4.3)
OH+2 +H2 → H3O+ +H (4.4)
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leading to the formation of the protonated water ion that does not react with molecular
hydrogen, and that is mainly destroyed by dissociative recombination.
An even more important sequence of reactions leads to the birth of organic chemistry. In this case
H+3 reacts with neutral carbon atoms leading, as seen above for oxygen, to the production with
successive steps of CH+, CH+2 and CH
+
3 . The latter ion does not undergo an exothermic reaction
with hydrogen but there is a slower competitive process, known as radiative association:
CH+3 +H2 → CH+5 + hν (4.5)
where the intermediate complex is stabilised by emission of an infrared photon. Protonated
methane is depleted by dissociative recombination and by reaction with abundant CO molecules,
produced in a variety of ways (including radical-radical reactions between O and CH or CH2):
CH+5 + CO → CH4 +HCO+ (4.6)
that produces also the formyl ion. The major source for HCO+ is, however, the channel of
depletion of carbon monoxide that occurs by reaction with the H+3 ion:
CO +H+3 → HCO+ +H2 (4.7)
4.2.1 The role of deuterium
Lines of the different isotopologues of the formyl ion can also be observed in astrophysical
spectra. In dense clouds, the reservoir of deuterium is the molecule HD, whose abundance relative
to H2 is around 10−5. The emission of the deuterium isotopologues can be anomalously strong [51].
The most important individual reaction causing this effect, which is known as fractionation, is the
forward reaction of the system:
H+3 +HD ! H2D+ +H2 (4.8)
The forward reaction is slightly exothermic so that, at very low temperatures (e.g. 10 K)
it is favoured. Indeed, if chemical equilibrium could be reached, there would be more H2D+ than
H+3 . Chemical equilibrium is not reached in quiescent cores because the H2D+ ion reacts with a
variety of neutral species to spread the deuteration around, and also with electrons. The competitive
destruction mechanisms produce ratios of singly deuterated to normal trace species around 1-10% in
cold dense clouds of density 104, although they can become higher at the densities that are reached
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in the centres of cold pre-stellar cores. In these cores, the heavy species are strongly depleted onto
dust particles and the electron abundance is low, so that chemical equilibrium between H+3 and
H2D+ can almost be reached. Fractionation models of cold dense regions in pre-stellar and cold
protostellar sources show that in addition to reaction 4.8, further fractionation of H2D+ to produce
large abundances of D2H+ and even D+3 should occur since both partially deuterated ions react
exothermically with H2 to form more deuterated isotopologues [52]. The detection of D2H+ in the
cold pre-stellar source IRAS 16293E [53] and the detection of a large abundance of H2D+ in the
best studied pre-stellar core L1544 [54] are in excellent agreement with the model and show that our
understanding of these early stages of collapse to form stars is correct.
For what concerns our study, an analysis of the deuterated formyl ion has an astrophysical interest
for two main reasons. In dense interstellar regions, the emission lines associated with the main
isotopologue are optically thick and hence cannot directly be used to determine conditions in the
cloud interiors. Hence it is useful to study isotopically substituted species. It has also been shown
that DCO+ is a particularly suitable species to study the chemistry of dense cores, in particular the
deuterium fractionation [55], the electron fraction [56], [57], [58], and the kinematics.
4.3 Laboratory background
A molecular substitution structure was calculated by Woods et al. [43] who measured the
J = 0 − 1 transition of the parent species and 5 isotopomers as well as the J = 1 − 2 transition of
DCO+. A further 14 lines in the 140-360 GHz range were measured by Bogey et al.[45] who were
hence able to derive quartic Hamiltonian parameters and take the centrifugal distortion into account
in their structural analysis. Subsequently, Plummer et al. [59] measured the J = 2 − 3 transition
of HC18O+ and HC17O+. Caselli & Dore [60] recently provided very precise laboratory data on the
deuterated isotopologues DCO+, DC18O+ and D13CO+ in the 137-792 GHz region, which allowed
the first determination of the sextic centrifugal distortion parameters for these species. They also
reported a measurement by radio-astronomy of the ground rotational transition of DCO+ which
showed for the first time a hyperfine splitting due to the deuteron and were hence able to determine
the quadrupole coupling and spin-rotation parameters of the molecule. This was possible because
of the low Doppler linewidths in cold quiescent clouds. Similarly, Schmid-Burgk et al. [61] fitted
two magnetic hyperfine components to the first rotational transition of H13CO+ observed in a dark
cloud. This work enables calculation of parameters for the nuclear-spin Hamiltonian. They also
reported ab-initio calculations of this nuclear-spin coupling parameter for both the latter species
and for HC17O+ and HC18O+.
Laboratory measurements have also been made of rotational transitions within excited
vibrational states. Blake et al. [62] used far-infrared laser sideband spectroscopy to measure two
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rotational transitions in the ground vibrational state and three in the first bending mode (0110, see
next sections) allowing a determination of the l-type doubling parameter and one related centrifugal
parameter. Rotational transitions of HCO+ and DCO+ in the ν1, ν2, 2ν2 and ν3 vibrational states
were measured by [63] in the 216-358 GHz range. Detailed work on DCO+ was carried out by [64]
who measured transitions up to J = 4 in the bending overtone states up to ν2 = 4. They reported
a Coriolis-type interaction between the ν1νl2ν3 = 0111 and 1000 states. These measurements were
later completed to include bending satellites with high values of the vibrational angular momentum
up to l = 3 [60]. [65] have reported results on the second overtone of the HCO+ bend yielding a
new determination of the harmonic bending frequency and the first measurement of anharmonicity
in the bending mode.
The first infrared measurement was that of the ν1 stretching vibration [66], which was
followed up by [67]. Spectral analyses have also been reported for the ν3 stretching vibration [68, 69],
for the ν2 bending vibration [70, 71], and several hot bands (linear combination of vibrational states)
[72].
4.4 Rotational spectroscopy of linear molecules
We want to describe in this section the basic mathematical tools useful to describe the phys-
ical properties of the rotation of a linear polyatomic molecule and the effects of vibration. Then, in
the analysis section we will consider the specific case of the formyl ion and its treatment with the
SPFIT/SPCAT software.
For a rigid, linear, polyatomic molecule, with no resultant electronic angular momentum,





where I is the moment of inertia and P 2 is the operator conjugate to the square of the
total angular momentum. Since the nonvanishing matrix elements of the operator P 2 are 〈J |P 2|J〉 =




ψ0∗J H0ψ0Jdτ = 〈J |H0|J〉 = (
1
2I
)〈J |P 2|J〉 = h
2J(J + 1)
8pi2I
= hBJ(J + 1) (4.10)
having defined B ≡ h/8pi2I and the ψ0J ’s as the eigenfunctions of the unperturbed operator
H0.
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It can be shown that the quantum numbers of the angular momentum can take only the integral
values J = 0, 1, 2, 3, ... and the selection rules for dipole absorption of radiation are found to be
J ′ = J ± 1 (under the condition that the matrix elements of the molecular dipole moment must not
vanish). The transition J → J + 1 correspond to absorption of radiation of the field-free rotor, and
the absorption line frequencies are:
ν = 2B(J + 1) (4.11)
where the rotational constant B is expressed in frequency units.
The corresponding Hamiltonian for the non-rigid rotor, can be described by:
H = H0 +Hd (4.12)
where Hd represents the centrifugal distortion perturbation. For a linear molecule there is







where D is a constant. Averaging Hd over the eigenfunction ψ0J of the unperturbed Hamil-
tonian H0, we obtain the first-order perturbation energy as:





D〈J |P 4|J〉 = −hDJ2(J + 1)2 (4.14)
where D is the centrifugal stretching constant, depends on the potential functions of the
various bonds and can be expressed as a function of the vibrational frequencies or force constants.
The next higher-order term in the expression has the form H0J3(J+1)3. The rotational frequencies,
with the selection rules seen above, are hence:
ν = 2B0(J + 1)− 4D0(J + 1)3 +H0(J + 1)3[(J + 2)3 − J3] (4.15)
In our study of the formyl ion we investigated the ro-vibrational spectrum of the main
isotopic species. In a linear molecule with n atoms, there are 3n−5 modes of vibration, not all with
different frequencies, however. The bending modes are always doubly degenerate. In molecules with
n = 3 there is one degenerate mode (Fig. 4.1).
The averaged or effective bond lengths tend to be slightly longer in the excited parallel
modes because of the asymmetry in the Morse-type potential curve (anharmonicity). This leads to










Figure 4.1: Vibrational modes of the HCO+ molecule. The bending mode v2 is doubly degenerate (the common
symbols used to denote into and out of plane motion are shown) because the molecule is free to bend in two orthogonal
planes. The σ’s represent the parallel modes, pi is the orthogonal one.
a slightly increasing moment of inertia and a consequent lowering ofBv and the rotational frequency
with increasing vibrational quantum number for the parallel modes. In contrast, linear molecules
in bending vibrational modes are slightly shorter, on the average, than in the ground vibrational
states. Their effective Bv and their rotational frequencies are expected therefore to be somewhat
higher than the corresponding ones for molecules in the ground vibrational states.
The effect to the first order of the vibration on Bv are










where vi is the vibrational quantum number for the ith excited mode, di is the degeneracy
of that mode and, αi is a small interaction parameter that gives the first-order correction of Bv for
the ith mode. Be is the equilibrium rotational constant, independent of the vibrational motion. In
the same way, for the first order centrifugal distortion:










and so on for the higher order distortional parameters. Among the higher-order effects
causing deviation to the molecular parameters, in our work we analyzed the effect of the l -type
doubling interaction (for HCO+ and DCO+) and the nuclear hyperfine splitting of the rotational
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lines due to the deuterium substitution (for DCO+).
4.4.1 l-type doubling effect
The l -type doubling effect arises as an interaction of the rotation with the degenerate bend-
ing vibrational mode. This effect is described in detail in [73]. Briefly, considering the two orthogonal
vibrations with a 90◦ phase difference as equivalent to rotations, clockwise and counterclockwise,
about the molecular axis, the degenerate bending mode with vibrational quantum number vi can
be regarded as having components of angular momentum pz = l! with rotational quantum numbers
l = vi, vi − 2, ...,−vi. Hence the vibrational states of a triatomic molecule are indicated by v1v|l|2 v3.
It can be shown that the allowed rotational energy values are
Er
h
= Avl2 +Bv[J(J + 1)− l2]−Dv[J(J + 1)− l2]2 +Hv[J(J + 1)− l2]3 (4.18)
where the term Avl2 is usually treated as vibrational energy.
Now, let’s assume that we have a molecule excited in a bending vibrational states that is rotating.
Because of the Coriolis coupling force proportional to +v × +ω between the vibrational motion +v and
the angular rotational motion +ω in orthogonal planes, the ±l degeneracy in the previous equation is
lifted and a doublet splittings of the rotational lines, called l doubling, is produced. Hence for the
first bending mode, the rotational frequencies are:
ν± = B1[J(J + 1)− l2]−D1[J(J + 1)− l2]2 +H1[J(J + 1)− l2]3
±q
2
J(J + 1)± qJ
2
J2(J + 1)2 ± qJJ
2
J3(J + 1)3 (4.19)
where the q’s are the coupling constant of the vibration and rotation that we have con-
strained in our study.
4.4.2 Nuclear hyperfine splitting
Nuclear hyperfine structure in molecular rotational spectra may arise from either magnetic
or electric interactions of the molecular fields with the nuclear moments, or from a combination of
the two. The most important of these interactions is that of the molecular field gradient with the
electric quadrupole moments of the nuclei. For isotopes with nuclear spins of 0 or 1/2, since such
nuclei are spherically symmetric and hence have no quadrupole moments, this interaction is not
possible.
Given a nucleus having a nuclear spin +I and a molecular rotational momentum +J , it can be shown
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J(2J + 1)I(I + 1)
[3(+I · +J)2 + 3
2
+I · +J − +I2 +J2] (4.20)
In this equation, qj is a coupling constant depending also on the nuclear potential, Q is the
effective component of the intrinsic nuclear quadrupole moment for the most complete alignment
along the symmetry axis of the field gradient (see [73] for details). Now, with +F 2 = ( +J + +I)2 and
〈F, J, I|+I · +J |F, J, I〉 = 1
2
[F (F + 1)− J(J + 1)− I(I + 1)] = 1
2
C (4.21)
we can write the hyperfine frequencies of the transition (J, F )→ (J + 1, F ′), including the
spin rotation contribution with its relative constant CI , as
νhf = ν0 − eqQ[Y (J + 1, I, F ′)− Y (J, I, F )] + CI [C(J + 1, I, F ′)− C(J, I, F )] (4.22)
where Y (J, I, F ) is the Casimir function given by
Y (J, I, F ) =
3
4C(C + 1)− I(I + 1)J(J + 1)
2(2I − 1)(2J + 3)I(2I − 1) (4.23)
and use has been made of the relation valid for a linear polyatomic molecule q = −qj(2J +
3)/J .
It will be shown in the analysis section how these constant can be defined in the SPFIT software.
4.5 Experimental details
Keeping in mind the general setup described in the previous chapter, we now want to give
more details of the specific configuration adopted to create and measure the spectrum of the formyl
ion.
In order to facilitate identification, and for modelling purposes, very accurate rest frequencies (ide-
ally 10 kHz) are often essential for astrophysics. The laboratory measurement of the spectra of
ions is challenging in many aspects and the principal cause for the long delay in the development of
microwave spectroscopy of molecular ions is their reactivity and hence short lifetime.
First of all, the ions must be produced in situ where they are measured; this step usually involves the
use of one or several precursor gases and an electric discharge in the cell through which the probing
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SAMPLE PRESSURE (mTorr)
H2 (or D2) 75








Tcell ∼ 240 K
Cooling liquid Methanol cycled through N2(l)
Table 4.1: Experimental condition adopted for the measurements of the formyl ion and minor isotopologues.
radiation passes. The radiation source already described was used in the Toneburst modulation
configuration, with the settings reported in 4.1. These conditions were chosen in order to match the
0.5–1.5 MHz linewidths.
In our setup HCO+ ions were produced in a flow system in the one meter glass cell. The goal of
this kind of setup is to regulate the pressure inside the cell by limited pumping in order to reduce
the effects of small air leaks while keeping the partial pressure of the sample constant. More im-
portantly this method must be used in plasma experiments in order to continuously replace the
precursor molecules that are destroyed by the discharge. This procedure is, of course, only easily
applicable when the samples to be used are available in good quantity and not too expensive. For
our measurements a mixture of molecular hydrogen and carbon monoxide were used. For the minor
isotopologue measurements, deuterium replaced hydrogen (for DCO+), while 13C carbon monoxide
replaced the regular CO (for H13CO+) and both were used for the doubly substituted species (see
Table 4.1). The specific partial pressures reported in the table were chosen to optimise the signal-
to-noise ratio.
Measurements of the spectra of ions in the laboratory may suffer from Doppler shifts due
to ion drift in the electric field of the discharge used for production.
For the measurements reported in Savage & Ziurys [32] conducted by the Arizona Univer-
sity group, led by Prof. Ziurys, ions were produced in an ac electrical discharge, generated by a
radio-frequency power supply connected to the electrodes through coaxial cable. In their configura-
tion the ac discharge is the modulating source; hence the drift velocity of the ions produces an AM
signal as they move in and out of resonance with an absorption frequency because of the Doppler
shift. Then the signal is demodulated at the frequency of the discharge power supply (1f), sensitive
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only to charged species. In their paper Savage & Ziurys pointed out that with an ac discharge they
can easily discriminate between ions and neutrals using this technique.
A different approach has been followed by the Bologna group. In their work on ion measure-
ments [60] they used a frequency-modulated millimeter-wave spectrometer equipped with a double
pass negative glow DC discharge. In this configuration, they produced ions with a very low pres-
sure, (a few mTorr, including Ar as a buffer gas), and a low discharge current of a few mA. The
concentration of positive ions in a glow discharge is highest in the negative region whose length can
be increased by the application of a longitudinal magnetic field. Thus by applying an axial magnetic
field of some hundreds of Gauss, ions are produced and observed in the negative glow region, which
is a nearly field free region, expected to show negligible Doppler shift.
Our measurements were based on a double pass of the microwave radiation through the
cell. With this setup two main goals can be achieved: (1) an increase of the sensitivity through a
doubling of the source-sample cross section; (2) the Doppler shift due to the ions drift towards the
electrodes is averaged out. This was achieved using a polarising beamsplitter, aligned in parallel
polarisation to the source radiation, and at 45o to the quasi-optical beam-path between the source
and the cell. A rooftop reflector at the opposite end rotates the polarisation by 90o and reflects back
through the cell towards the beamsplitter which reflects the beam into a composite Si bolometer
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Figure 4.2: Scheme of the experimental setup adopted for the measurements.
The detector response was passed through a preamplifier, demodulated by a lock-in ampli-
fier sand digitised for storage and treatment by computer.
Some spectra chosen as representative are shown in Figure 4.3. In all the spectra a low
frequency baseline is clearly visible justifying the use of a derivative filter in the spectrum-analysis
software to allow the line centre-frequency to be more accurately determined. This baseline is due
to the formation of standing-waves a well known problem in microwave spectroscopy. All the mea-
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Figure 4.3: Examples of acquired spectra in four different frequency regions. All the intensities are in arbitrary units.
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surements show a high S/N ratio, close to 100.
Figure 4.4: HCO+ spectra around 1.15 THz showing the effect of the discharge on the measurements.
In Figure 4.4 two spectra of the main isotopologue are shown cofirming the effect of the
discharge for the ion production. These scans were performed just one after the other, hence in
the same experimental conditions except for the discharge that in the second scan (red) has been
switched off. The baseline of each of the two scans is slightly different since the discharge affects
the standing waves. In Figure 4.5 we show the use of the derivative filter on the spectrum using as
example the J = 13− 12 line of DCO+. In the brute data the transition appears as a bump at the
bottom of a minimum of the baseline; this effect can be removed applying a derivative filter to the
scan and obtaining a typical 2f demodulated absorption transition.
4.6 Analysis
A separate analysis for each isotopologue was performed, using the SPFIT/SPCAT pro-
grams to fit the measured data and generate improved predictions up to 3000 GHz, that are now
available online at the JPL catalogue site. In the following we use the term “microwave” to gener-
ally describe all data (millimetre, submillimetre, and terahertz) taken using microwave techniques
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Figure 4.5: DCO+ line without (top) and with (bottom) derivative filter.
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of a phase-locked source, regardless of the source being a fundamental oscillator or harmonically
generated radiation.
4.6.1 HCO+
As already mentioned in the previous chapter, the first basic step in the analysis process is
to compile and assess all previously available measured data on the species under consideration so
as to be able to make the best predictions of new lines and ultimately carry out the best global fit.
For the main species several works have been performed in the past years and consequently a good
number of data were available. A first prediction was made from a fit of all previous microwave
[43, 45, 47, 62, 46, 63, 48] and infrared [69, 70, 71, 68, 44, 66, 74] measurements. Once our new
data was included in the fit, some critical evaluation of previously measured data was necessary
due to incompatibilities associated with the treatment of the ion-drift induced Doppler shift and/or
frequency calibration errors. Sastry et al. [46] and Savage & Ziurys [47] each discuss the former
phenomenon, however the method of cancellation of the effect is different in each case. The method
used at the University of Arizona by the latter authors has been briefly described in the previous
section, while the approach followed by the former work consisted in inverting the electric poles of the
electric field, for the DC discharge, between two measurements of the strong J = 3−2 transitions of
HCO+. From this they were able to estimate the frequency shift and hence the subthermal velocity
drift vd of the ions inside the cell. The measured drift velocity was utilised to correct the other
measured frequencies by the Doppler factor 1− vd/c.
In our work [75] we offered a third method, that of a double-pass quasi-optical beam path, which
leads to good agreement with [46]. This method is arguably similar to that utilised by [46], for the
J = 3−2 transition. The magnitude of the disagreement between the prior results can be seen from
inspection of Figure 4.6 to be from 50 to 250 kHz. The linear divergence from the present data fit
is evident in each study that measures two or more transitions, (a zero residual corresponds to the
present, best fit). The deviations are of the same order as the velocity correction derived by [46].
After discussing these differences with the Arizona group a more accurate set of measurements [76],
were made, which are in good agreement with [46] and the present work. This was accomplished
through remeasurement, in the same AC discharge system, with a new synthesiser that is calibrated
to 1 part in 109. Nevertheless, the high precision of the [47] AC measurements is evident in the tight
linearity of the residuals representing this data in Figure 4.6. The evidence is all consistent with a
small, but entirely reasonable offset in the fundamental oscillator used for the measurements of [47].
Finally, returning to the original submillimetre data from [46], the additional data from this study
reveals that the correction applied therein, derived from the electric field inversion, is likely to be
under-estimated since even the corrected transition frequencies above J ′ = 3 move systematically
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away from the “trust” region denoted by the ± 50 kHz box drawn about the residual zero-line in
Figure 4.6.
Figure 4.6: Residuals of HCO+ fit for measured transitions, including rovibrational data. Transitions excluded from
the analysis are given open symbols.
In our best fit there is an assumption that the double pass arrangement used in this
experiment completely averages the two Doppler components of the ion signal.
Transitions have been fit to the ground state rotational Hamiltonian 4.15 and to a first
bending mode rotational Hamiltonian, as described in eqn. 4.19. The parameters obtained from the
fits are listed in Table 4.3. In the multi-state fits used for final predictions the “best” microwave
data set, as previously defined, was fitted along with new measurements. Lines were weighted
using previously quoted experimental error. The microwave fit includes data from the ground, first
and second vibrationally excited bending states (01l0 and 0200). The multi-state fit also includes
additional data for both of the stretching vibrations (100 and 001). The complete set of fitted
(‘best’) microwave measurements is shown in Table 4.2. The residual signifies observed− calculated
frequency differences with the fit. Following the notation used in the JPL online catalogue, we
indicate v = 0 as the ground vibrational state, v = 1 the first bending mode (ν2 or 01l0) with l =
± 1, v = 2 (2ν2 or 0200), v = 3 the C-O stretching mode (ν3 or 001), and v = 4 the C-H stretching
mode (ν1 or 100). For predictions the v = 5 state represents the as yet unobserved (0220) state
which was approximated during fitting of 0200 using fixed values for −q/2 and −qJ/2 (multiplied
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J ′ l′ v′ J l v Frequency Residual Uncertainty
5 0 0 4 0 0 445902.9080 0.04661 0.050
6 1 1 5 -1 1 534783.0698 0.02466 0.050
6 0 0 5 0 0 535061.5712 -0.01495 0.050
7 -1 1 6 1 1 623882.9970 -0.11569 0.050
7 0 0 6 0 0 624208.3453 -0.04430 0.050
9 -1 1 8 1 1 802039.1040 -0.01204 0.050
9 0 0 8 0 0 802458.2170 -0.05145 0.050
9 1 1 8 -1 1 805845.6250 -0.07460 0.050
10 0 0 9 0 0 891557.3993 0.04208 0.050
10 -1 1 9 1 1 895319.3051 0.04307 0.050
12 1 1 11 -1 1 1069132.8477 0.05831 0.050
12 0 0 11 0 0 1069693.8910 0.04026 0.050
12 -1 1 11 1 1 1074202.8123 -0.03235 0.050
13 -1 1 12 1 1 1158118.5788 -0.02662 0.050
13 0 0 12 0 0 1158727.2266 -0.02826 0.050
13 1 1 12 -1 1 1163608.7748 0.02761 0.050
10 1 1 9 -1 1 891092.1624 not included in the fit
Table 4.2: Measured rotational transitions of HCO+; frequencies, uncertainties and residuals are reported in MHz.
by
√
2 for SPFIT) assumed from the 0110 state.
Merging all the available data there are 18 well-determined parameters for HCO+. Com-
paring the fit based on the old data and the one on the new set , the quartic D(ν2 = 1) parameter
is better determined. The l-type doubling distortion parameter q′J , previously undetermined, is now
determined. The marked improvement in the l-doubling parameters is essentially due entirely to
the new measurements of the first bending mode (01±10), but the simultaneous vibrational analysis
also helps the statistics.
Subsequent to our work new measurements and analysis were carried out on the ground
state by the Bologna group [77] who produced a new catalogue for the formyl ion main species. A
combined dataset has been used in a recent CDMS entry. In their paper they reported measurements
acquired with their negative glow discharge setup, for rotational lines from J = 6 to J = 9 in the
range 624.2-891.6 GHz.
The main motivation for a new analysis of the ground state was essentially caused by
the anomalous value for the sextic H0 distortional parameter obtained by our work. The best fit
sextic constant from our analysis differed from the previous ones, also in its sign. This value was
also anomalous compared to that of the deuterated species (see Table 4.6) and to the isoelectronic
molecule HCN [78].
From Fig. 4.7 it can be seen how our J = 10 ← 9 and J = 13 ← 12 data, even if not
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Parameter New (MHz) Previous (MHz) SPFIT code
B0 44594.4230(44) 44594.4316(38) 100
D0 0.082724(49) 0.083028(92) 200
H0 x106 -0.341(156) 1.01(72) 300
B(ν2 = 1) 44677.1489(18) 44677.1498(34) 111
D(ν2 = 1) 0.0844555(69) 0.084394(87) 211
E(ν2 = 1)x10−7 2.48297353(70) 2.48297364(75) 11
q′/2(ν2 = 1) 105.87248(263) 105.8554(58) 40011
q′J/2(ν2 = 1) x103 -0.791(32) -0.115(223) 40111
q′JJ/2(ν2 = 1) x106 -0.295(107) -3.84(149) 40211
B(ν2 = 2)a 44767.989(46) 44767.989(46) 122
D(ν2 = 2)a 0.08618(150) 0.08618(150) 222
B(ν3 = 1) 44299.8687(78) 44299.8612(97) 133
D(ν3 = 1) 0.08301(21) 0.08260(38) 233
E(ν3 = 1)x10−7 6.54731788(150) 6.54731718(155) 33
B(ν1 = 1) 44240.6140(166) 44240.6129(166) 144
D(ν1 = 1) 0.08656(82) 0.08651(83) 244
E(ν1 = 1)x10−7 9.25980841(70) 9.25980838(70) 44
σ 0.046 0.396
Table 4.3: Parameters for HCO+ comparing the new analysis with a global fit of previous data. One standard
deviation in units of the last decimal place is given in parentheses.
a The parameters q′ and q′J for the ν2 = 2 state were fixed at ν2 = 1 values.




Table 4.4: Comparison of spectroscopic parameters for the ground state of HCO+ in MHz, one standard deviation in
units of the last decimal place is given in parentheses.
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Figure 4.7: Residual analysis for HCO+ ground state data as in Tinti et al. [77].
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affected by any apparent systematic errors, such as Doppler shift (offset increasing with frequency),
are not in the experimental uncertainty range of±50 kHz we estimated when compared with the new
best fit. The conclusion is that an underestimation of the experimental error on these data forced
the fit to a wrong sextic constant assignment. However, during the analysis process no experimental
evidence pointing to a particular problem with these transitions was noted nor anything inconsistent
in the global fit residuals (Table 4.2). We tried, after the publication of the Bologna group work, to
redo an analysis leaving these two lines out, but in this case the sextic constant remained completely
undetermined.
4.6.2 Rare Isotopologues
We also investigated three isotopologues of the formyl ion, using istotopically substituted
precursors as given in Table. 4.1. Our work included seven newly measured lines for H13CO+ as
well as two new measurements at higher frequency for each of the deuterated species. We performed
a weighted, rovibrational analysis for DCO+ including most previous measurements [60, 63, 71, 69],
in accordance to the criteria discussed for the main species. For H13CO+ and D13CO+ only data
for the ground vibrational state, was fitted to two or three molecular parameters respectively. For
the D13CO+ species we used lines from [60] and from [43]. For the H13CO+ species we used lines
from [61], [45] and [79]. For all these isotopologues we report in the following tables (4.5, 4.7 and
4.9) all the transitions used to obtain the final fit.
Deuterated species
Both DCO+ and D13CO+ were measured and analysed by Caselli and Dore [54], who
recorded lines in the 137-792 GHz range and determined three molecular parameters for each species.
For clarity, the data reported by these authors was reanalysed to obtain identical residuals to those
they reported. The values of the parameters were identical but the predicted uncertainties were
significantly higher. We noticed that the reduced error (eqn. 3.1) was very small due to the small
residuals, below 1 kHz. This suggested the quoted uncertainty on the transitions was large compared
to the random error of the fitting model. When the transition frequency uncertainties are reduced to
obtain a reduced error close to unity one should obtain the same errors for the model parameters as
depicted in [54]. In our final analysis we have chosen to utilise the supposed experimental uncertain-
ties of the transitions, even if these are much higher than the residuals and therefore uncertainties
for the parameters are larger than those quoted by Caselli and Dore and reported in the Table 4.6
in spite of inclusion of the new data.
In tables 4.5, 4.6, 4.7, and 4.8 we report the measured transition used for the analysis and
the parameters obtained with our final global fit. It is worth pointing out that the combined fit
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J ′(F ′) l ’ v’ J(F ) l v Frequency Residual Uncertainties
1(0) 0 0 0(1) 0 0 72039.2413a -0.00009 0.0073
1(2) 0 0 0(1) 0 0 72039.3028a -0.00030 0.0061
1(1) 0 0 0(1) 0 0 72039.3504a -0.00022 0.0067
3 0 1 2 0 1 214748.9960b 0.00804 0.0190
3 0 3 2 0 3 214874.0810b -0.02821 0.0180
3 0 0 2 0 0 216112.5822a 0.00227 0.0050
3 -1 2 2 1 2 216181.5872b -0.00668 0.0057
3 1 2 2 -1 2 217207.5090b -0.00760 0.0062
4 0 1 3 0 1 286326.7670b -0.02475 0.0290
4 0 3 3 0 3 286492.6080b 0.02043 0.0140
4 0 0 3 0 0 288143.8583a 0.00062 0.0050
4 1 2 3 -1 2 288235.7892b 0.00247 0.0030
4 -1 2 3 1 2 289603.4815b 0.00422 0.0040
5 0 1 4 0 1 357900.1470b 0.00170 0.0130
5 0 3 4 0 3 358105.7270b -0.00369 0.0110
5 0 0 4 0 0 360169.7783a -0.00115 0.0050
5 -1 2 4 1 2 360284.5328b -0.01405 0.0121
5 1 2 4 -1 2 361993.8215b -0.00682 0.0086
6 0 0 5 0 0 432189.0052a -0.00135 0.0050
7 0 0 6 0 0 504200.1999a -0.00054 0.0050
8 0 0 7 0 0 576202.0239a 0.00107 0.0050
9 0 0 8 0 0 648193.1357a -0.00001 0.0050
10 0 0 9 0 0 720172.2024a 0.00107 0.0100
11 0 0 10 0 0 792137.8811a -0.00122 0.0100
13 0 0 12 0 0 936023.7532 0.01041 0.0500
16 0 0 15 0 0 1151718.7350 -0.00286 0.0500
Table 4.5: Rotational transitions for DCO+, frequencies, residuals from the least squares fit, and uncertainties are in
MHz.
a Caselli & Dore [60];
b Hirota & Endo [63];
Infrared data from Kawaguchi et al. [71] and Davies et al. [69] were also used in the fit.
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Parameter New (MHz) Previousa (MHz) SPFIT code
B0 36019.76763(41) 36019.76765(14) 100
D0 0.0557956(46) 0.0557960(22) 200
Hb x106 0.0522(157) 0.054(11) 300
1.5eQq 0.2216(212) 0.2217(53) 110010000
CI x103 -1.60(315) -1.59(78) 10000000
E(ν1 = 1) 77483235.2(170) - 11
B(ν1 = 1) 35792.3325(46) - 111
D(ν1 = 1) 0.046361(100) - 211
B(ν2 = 1) 36116.79449(106) - 122
D(ν2 = 1) 0.0575167(314) - 222
q′/2(ν2 = 1) -85.51015(106) - 40022
q′J/2(ν2 = 1) x103 0.9214(314) - 40122
E(ν3 = 1) 57082391.7(125) - 33
B(ν3 = 1) 35813.3520(35) - 133
D(ν3 = 1) 0.055580(79) - 233
σ 0.010
Table 4.6: Spectroscopic parameters for DCO+ in MHz, one standard deviation in units of the last decimal place is
given in parentheses.
a Data from Caselli & Dore [54].
b This single sextic distortion parameter was fit for all vibrational states simultaneously.
has very good agreement, as evidenced by the very low residuals, and that our analyses and that
of Caselli and Dore are only significantly different in the treatment of errors, which will impact the
confidence of model extrapolations.
Since overlapping data for DCO+ and D13CO+ have been taken by two different experi-
mental setups (in Bologna and in our group) near 800 GHz, most possibilities for systematic error are
remote. For DCO+ the quadrupole coupling eqQ and spin rotation CI parameters of the D nucleus
are also determinable from literature data. Not surprisingly, these parameters are not improved by
our new high frequency data since no splittings were observed. For a complete comparison of the
different datasets see [75].
H13CO+
A lack of high-resolution laboratory data has, till now, excluded a precise spectral char-
acterization of this species. In the CDMS online catalogue, the reported predictions are based on
the analysis of astrophysical measurements performed by Schmid-Burgk et al. [61], that reported
the observation of the line J = 1 − 0 and included the J = 3 − 2 line observed by Gregersen &
Evans [79]. These predictions have an uncertainty of over 1 MHz above 700 GHz, and over 20 MHz
around 2 THz. Surprisingly, the new measurements (Table 4.9) are in better agreement with older
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J ′′ J ′ Frequency Residual Uncertainties
1 0 70733.2180a 0.0130 0.050
3 2 212194.4920b 0.0026 0.005
4 3 282920.0055b 0.0008 0.005
5 4 353640.3923b -0.0009 0.005
6 5 424354.3718b -0.0018 0.005
7 6 495060.6646b -0.0003 0.005
8 7 565757.9861b 0.0014 0.005
9 8 636445.0518b -0.0013 0.005
10 9 707120.5885b -0.0002 0.015
11 10 777783.3159b 0.0049 0.050
13 12 919065.1840 0.0560 0.050
16 15 1130859.8531 -0.0160 0.100
Table 4.7: Rotational transitions for D13CO+; residuals from the least squares fit, and uncertainties are in MHz.
a Woods et al. [43]
b Caselli & Dore [60]
Parameter MHz SPFIT code
B 35366.70960(47) 100
D 0.0534069(60) 200
H x106 0.0416(247) 300
σ 0.0173
Table 4.8: Spectroscopic parameters for D13CO+ obtained with the global fit. One standard deviation in units of last
decimal place is given.
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predictions in the JPL database, which show a difference not greater than 50 kHz with the present
measurements. The spectroscopic parameters deduced from the global fit are listed in Table 4.10.
The new fit leads to a significant improvements on the uncertainty ofB and two orders of magnitude
improvement for D compared to previous analyses. Attempts were made to fit the sextic centrifugal
distortion parameter, but it was not well defined and the fit was not improved.
J ′′ J ′ Frequency Residual Uncertainties
1 0 86754.2884a -0.0018 0.0046
2 1 173506.7820b 0.0835 0.080
3 2 260255.3390c -0.0044 0.035
5 4 433733.8327 0.0173 0.050
6 5 520459.8843 -0.0052 0.050
8 7 693876.2612 0.0084 0.050
9 8 780562.8120 0.0127 0.050
10 9 867232.4263 0.0164 0.050
11 10 953883.1712 -0.0317 0.050
13 12 1127120.8128 0.0041 0.050
Table 4.9: Rotational transitions for H13CO+, all values are in MHz.
a Schmid-Burgk et al. [61]
b Bogey et al. [45]
c Gregersen et al. [79]
4.7 Discussion
To summarise, the new data for HCO+ is now available online on the JPL and CDMS
spectral line catalogues and can be used directly as input to astrophysics spectrum analysis software
(such as CASSIS [80]) to provide predictions of spectra and intensity under different conditions
and analyse observations. Predictions are also available for the lower-resolution instruments of
Herschel at higher frequency. For the main isotopologue comparison of previous and new datasets
has decreased uncertainty and increased confidence on all predictions in the range of Herschel. It
could be interesting in the near future to measure higher frequency data for the main species, for




Table 4.10: Spectroscopic parameters for H13CO+. One standard deviation in units of last decimal place is given.
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example around 1.6 THz, to better disentangle the difference between our analysis and the new
measurements performed by the Bologna group and summarised in Fig. 4.7. In this case the fit
will be better defined at lower frequency and almost no extrapolation will be required for the HIFI
range.
For the deuterated species recent high-resolution higher-frequency data was already available but
did not exceed 800 GHz. We have measured higher-frequency transitions, providing an independent
dataset for comparison. Combining the new data with the literature data for the deuterated species,
predictions were obtained with an estimated uncertainty of better than 1 part in 107 up to 2000 GHz.
The second goal of this work concerns specifically H13CO+. For this species, previous predictions
were based on just two rotational lines obtained from astrophysical spectra and hence high-resolution
laboratory data were needed. With our new measurements two spectroscopic parameters are now




Monodeuterated methane spectra were acquired at the Jet Propulsion Laboratory during
the same measurement session as the formyl ion.
5.1 Methane in the interstellar medium
Astro-chemical models predict methane to be one of the most abundant polyatomic species
in dense interstellar clouds and it is thought to have enhanced abundance in hot, dense gas such
as the Orion hot core region because of evaporation from grain mantles. Although its rovibrational
spectrum has been detected towards IRC +10216 [81], vibrational excitation is limited in interstellar
molecules, especially for region of extended gas that dominate molecular clouds, since even towards
star-forming objects temperatures are typically only around 10-100K. Hence, infrared spectra must
be measured in absorption. Furthermore, vibrational spectra cannot be used to study far inside
clouds containing dust since the latter absorbs and scatters infrared radiation. However far infrared
radiation can penetrate throughout the cloud.
Since it is completely symmetric CH4 has no permanent dipole moment and hence no strong rota-
tional spectra. However, as predicted by several theoretical works (e.g. Watson[82]), in the ground
vibrational state it can have a very weak rotational spectrum arising from the vibration-rotation
interaction of the ground-state rotational levels with those of excited degenerate vibrational states.
The distortion moment for the ground vibrational state of CH4 has been measured by Ozier [83] with
molecular beam resonance techniques, reporting a value of µd = 5.38× 10−6D. The first rotational
spectrum of methane in its ground vibrational state was performed by Holt, Gerry and Ozier in
1972 [84], where they report four lines detected between 7.8 and 14.2 GHz.
Given the very small value of the distortional dipole moment, it is easy to see how an identification
of this species in the interstellar medium through its rotational spectrum has been, so far, unsuc-
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cessful. A real indication about the presence of this key species in some particular region such as
dense molecular clouds, is likely to be provided by near future radio astronomy instruments with
very high sensitivity, that could give at least an upper limit to the methane column density.
Since the first detection of CH3D in the atmosphere of Jupiter [85], the deuterium-to-
hydrogen (D/H) ratio has played a major role in the study of the origin and evolution of planetary
atmospheres (e.g. [86]). The large mass difference between hydrogen and its isotope deuterium
induces significant differences in both the thermodynamics and kinetics of various processes, such as
thermal escape, chemical reactivity and condensation, resulting in an isotopic fractionation. There-
fore observed D/H ratios act as tracers of the physical and chemical history of planetary atmospheres
as they evolve from the initial interstellar ices and gases. CH3D has been observed on Jupiter [87, 88],
Saturn [89, 90], Uranus [91, 92], Titan [93, 94, 95, 96], and Neptune [97] by for example ISO and
the IRIS instrument on Voyager.
The deuterium present in the atmospheres of the giant planets is thought to be representative of the
protosolar composition, a quantity of high interest in astrophysics [98]. The D/H ratio of methane
has also been used to estimate the formation temperature of cometary molecules [99]. The authors
used this determination as evidence that our sun was born in a warm cloud of 30K rather than a
cold one at 10K. It should be noted that this conclusion was based on the non-detection of CH3D
in the near-infrared.
The dipole moment of CH3D arises from the isotopic substitution and has been shown to
have a rotational dependence [100]. Its value is small but non-zero, µ = 5.7× 10−3D, that is around
a thousand times stronger that its parent species. This quantity should be compared to the normal
cosmic D/H ratio of 10−5, hence detection of CH3D should prove more difficult than CH4. However
recent observations have shown considerable deuterium enrichment, for example in prestellar cores
[101].
A first attempt to identify monodeuterated methane was reported by Pickett, Cohen & Phillips in
1980 [102], looking at the J(0 → 1) transition in Orion-KL. This observation was made using the
10m Owens Valley Telescope in November 1978 and reports limit for the emission (T ∗A ∼ 0.2K)
and for the total column density (N ≤ 1.4×1017cm−2, assuming thermal rotational population for
T=70K).
A more recent study of CH3D has been carried out by Womack, Apponi & Ziurys, with observations
conducted several times, from 1991 to 1995 and then reported in 1996 [103]. The fundamental
transition already searched for by Pickett et al. was investigated toward Orion-KL using the NRAO
12m telescope at Kitt Peak in Arizona, and the Caltech CSO 12m facility in Mauna Kea, Hawaii.
In addition a search for the two K components of the J(1 → 2) transition near 465 GHz was
performed using the CSO. In all the observations the molecule was not detected down to a 3σ level
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of T ∗A ∼0.05K for the JK(11 → 21) line. For this reason they fixed only an upper limit to the CH3D
column density of N < 6 × 1018cm−2 in the Orion hot core region and a fractional abundance f
relative to H2, f < 6× 10−6.
5.2 Theory of symmetric top molecules
In a symmetric top molecule one of the principal moments of inertia lies along the molecular
symmetry axis and the two others perpendicular to this axis are equal. If a, the axis of least moment
of inertia, lies along the symmetry axis, the molecule is a prolate symmetric top. If c, the axis of the
greatest moment of inertia lies along the symmetry axis, the molecule is an oblate symmetric top.
Monodeuterated methane is a prolate symmetric top (Ia < Ib = Ic); the rotational Hamiltonian














It can be shown that the rotational Hamiltonian commutes with P 2 and Pa and is therefore
diagonal in the J , K representation. Hence the quantized rotational energies of a rigid prolate
symmetric top in the field-free approximation are:
























Now, choosing the standard designation A = h/(8pi2Ia) and B = h/(8pi2Ib) we can write
the rotational energies as:
EJ,K = h[BJ(J + 1) + (A−B)K2] (5.3)
It can be seen that all K levels except those for K = 0 are doubly degenerate; this de-
generation cannot be removed by either external or internal fields. The selection rules for this kind
of species, due to its symmetries, are ∆J = 0,±1, with ∆K = 0. Hence, without considering any
distortional effect, the absorption frequencies for a rigid symmetric top are exactly the same as that
for a linear molecule ν = 2B(J + 1).
As already seen in the previous chapter, the centrifugal stretching can be treated as a perturbation
on the eigenstates |J,K〉 of the rigid rotor, with a centrifugal distortional Hamiltonian that can be
written as:







The α, β, γ, δ represent the principal coordinates axes of the moment of inertia and the











The distortion energy to first-order, with the simplification adopted thanks to the symmetry
of the molecule, is:
E(1)d = 〈J,K|H(1)d |J,K〉 = −h[DJJ2(J + 1)2 +DJKJ(J + 1)K2 +DKK4] (5.6)
in which the D’s are the first-order centrifugal stretching constants of the symmetric-top
molecule expressed in frequency units, representing a combination of the τ ’s. It can be shown that














The rotational frequencies for the ground state of symmetric top molecules, including up
to the sextic order centrifugal distortion parameters, can be written as:
ν = 2B(J + 1)− 4DJ(J + 1)3 − 2DJK(J + 1)K2
+HJ(J + 1)3[(J + 2)3 − J3] + 4HJK(J + 1)3K2 + 2HKJ(J + 1)K4 (5.8)
This expression can be used to derive the molecular parameters from measurement of the
spectra. As can be seen from the previous equation, no pure-K parameters can be derived from
1A C3v is a point group that satifies two symmetry operations, C3 and σv .
Cn - Symmetry operation of rotation (clockwise) through an angle of 2pi/n radians, where n is an integer. The axis
for which n is greatest is termed the “principal” axis.
σv - A vertical reflection plane exists, passing through the origin and the axis with the “highest” symmetry.





Table 5.1: Modulation conditions adopted for the measurements of monodeuterated methane.
transitions with selection rule ∆K = 0. We will show in the section 5.4.1 and 5.4.2 how these
constants could be obtained.
5.3 Experimental details
All the measurements were carried out at JPL using the spectrometer described in chapter
3. In particular, the double-pass setup described in detail in the previous chapter, was used for these
measurements too. However, in this case the cell was not cooled and the measurements were carried
out at room temperature.
In order to search for lines we first made predictions using the constants obtained by
Ulenikov et al. [104]. A scan was made for each successive J value, including all K -components.
Conditions were optimized in the 929 GHz range with a good compromise between linewidth and
signal-to-noise (S/N) obtained at 280 mTorr sample pressure in the cell. In the 929 GHz range
where the strongest source was available, four identical scans were co-added and gave sufficient S/N
for precise frequency measurements (Fig. 5.3). In the other frequency regions longer (overnight)
observation times were used (697 GHz - 50 scans, and 1162 GHz - 97 scans co-added).
The modulation setup in all the three frequency ranges studied is summarised in Table
5.1. For the two higher regions JPL built sources were used, while for the lower frequency range the
Virginia Diodes 1.5x6 source (Table 3.1) was chosen.
Usually a power scan for each source was performed before acquiring the molecular spectra,
in order to match the best power spot with the expected spectrum of the species to be measured.
As an example in Fig. 5.1 the power scan for the 600 GHz source is shown.
The following figures show examples of the rotational spectra measured. Fig. 5.2 shows the
three K components of the J(2→ 3) transition, before (top) and after (below) numerical derivation
to remove the baseline. Being a prolate symmetric top the K = 0 can be found at the highest
frequency and then moving left to lower frequency the K = 1 and K = 2.
Fig. 5.3 shows the complete K-series of the J(3→ 4) transition of CH3D scan around 930
GHz. A couple of contaminations lines can be observed around 930.1 GHz; ethanol was used to
clean the cell but there is no obvious assignment.
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Figure 5.1: Power scan of the Virginia Diodes 1.5x6 600 GHz source. Detector saturation has been reached where the
spectrum is flat (660-710 GHz).
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Figure 5.2: Rotational spectrum of monodeuterated methane around 697 GHz, with the corresponding K values. The
spectrum with a derivative filter (bottom) to remove baseline is compared with that unfiltered (top). In both cases a
5th order numerical smoothing filter was used.
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Figure 5.3: Rotational spectrum of monodeuterated methane around 930 GHz, with the corresponding K values. The
spectrum with a numerical derivative filter (bottom) is compared with that when no baseline removing filter is applied
(top). In both cases a 5th order smoothing filter has been used.
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5.4 Analysis
Previous laboratory measurements of the rotational spectrum of deuterated methane were
limited by available technology. Until recently only three lines had been measured. The J(0 → 1)
was observed by Pickett et al.[102] in the early eighties at the Jet Propulsion Laboratory, and
fixed the value of B0 using centrifugal distortion parameters derived from infrared measurements.
In the attempt to identify monodeuterated methane in Orion, Womack et al.[103] also provided
a laboratory measurement for the J(1 → 2) and re-measured J(0 → 1) transition which allowed
three ground state molecular parameters, B, DJ and DJK to be determined. In our experiments
[105] the previous microwave data was first reanalysed with SPFIT and SPCAT in order to provide
predictions to measure and assign new higher frequency lines. Then, these new lines were included
in a global microwave fit. Transitions, residuals and uncertainties are shown in Table 5.2. A 50 kHz
uncertainty was assumed for all our measurements, except the JK(40 → 50). In this case the line
is close to a stronger transition of another unidentified species and hence the peak value could be
slightly shifted.
J ′′ K ′′ J ′ K ′ Frequency Residual Uncertainties
1 0 0 0 232644.301a 37 75
2 1 1 1 465235.540a -3 75
2 0 1 0 465250.691a -9 75
3 2 2 2 697690.6269 4 50
3 1 2 1 697758.7502 -9 50
3 0 2 0 697781.4559 -4 50
4 3 3 -3 929926.5710 16 50
4 -3 3 3 929926.5710 16 50
4 2 3 2 930077.7603 -40 50
4 1 3 1 930168.4642 11 50
4 0 3 0 930198.6776 22 50
5 4 4 4 1161860.7890 -12 50
5 -3 4 3 1162125.1934 36 50
5 3 4 -3 1162125.1934 36 50
5 2 4 2 1162313.6641 -25 50
5 1 4 1 1162426.6568 -33 50
5 0 4 0 1162464.4099 72 75
Table 5.2: Measured transitions used for the microwave fit. Frequencies are in MHz; residuals and uncertainties in
kHz.
a From Womack et al. [103].
Due to the selection rule for the allowed rotational transitions ∆J = ±1, ∆K = 0, the
pure-K parameters, such as A, DK and HK , cannot be obtained by analysis of the rotational
spectrum. They can, however, be derived by combination differences from rovibrational spectra and
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“perturbation allowed” transitions.
5.4.1 Perturbation Allowed transitions
In molecules with C3v symmetry, such as CH3D, the rotation of the molecule about the b
axis produces a small distortion moment perpendicular to the symmetry axis which can give rise to
observable ∆J = ±1, ∆K = ±3 lines, the so called “perturbation allowed” transitions. In addition
to this effect, Watson ([82]) has shown that vibration-rotation interaction of the ground state with
an excited, degenerate vibrational mode can also contribute to the probability of a forbidden tran-
sition.
If we consider the undistorted symmetric-top rotational function ΨJK , after a rotation of the
molecule through ±120◦ or ±2pi/3 about the symmetry axis, we will have:
ΨJK = e(±2pii/3)KΘJK (5.9)
where ΘJK is a function of the Euler angle θ, used to express the angular momentum
operator.
Now, if J is assumed to remain a “good” quantum number, defining Hmix as the Hamil-
tonian for the admixing interaction, the degree of admixture of the K and K ′ states is measured
by
〈J,K|Hmix|J,K′〉 = e(±2pii/3)(K−K′)〈J,K|Hmix|J,K′〉 (5.10)
Thus, with a finite interaction, the selection rules ∆K = ±3, ±6, and so on, may occur in
addition to the normal ∆K = 0 rule [73].
In the case of CH3D, with an almost zero permanent dipole moment, the forbidden transitions in
the ground vibrational states are extremely weak and hence, there are as yet no measurements of
these kind of transitions in the ground state for this species.
5.4.2 Ground State Combination Differences
Another way to obtain the pure-K parameters is by making use of infrared rovibrational
transitions and adopting the method of ground state combination differences (GSCDs). This method
makes use of the difference in frequency of two transitions that from different rotational levels in the
ground vibrational states link the same rotational level in an excited vibrational state.
Defining n as the number of atoms forming the molecule, monodeuterated methane will have (3n−
6) = 9 fundamental vibrational modes, including the degenerate bands. Depending on the direction
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of variation of the dipole moment, we will have a parallel band with A1 symmetry (when the change
is along the symmetry axis) or an orthogonal band with E symmetry (if the dipole moment varies
perpendicular to the symmetry axis). The selection rules for the parallel band are ∆J = 0,±1,
∆K = 0 (with ∆J ,= 0 if K = 0), while for the perpendicular bands we have ∆J = 0,±1, ∆K = ±1.
Hence the pure-K constants cannot be obtained from a parallel band [106]. Not considering any
distortional constants, we can define a combination differences as:
RQK−1 −P QK+1 = 4(A0 −B0)K (5.11)
where the standard infrared notation for the P(∆J = +1) ,Q(∆J = 0) and R(∆J = −1)
is used, and where the left superscript refers to a similar variation in K. In the previous equation
the use of the subscript “0” underlines the fact that only ground state parameters are involved.
Using a global analysis which involved rovibrational transition of the ν3, ν5 and ν6 bands, lowest
in energy, Tarrago et al. [107] obtained 2641 ground state combination differences from which they
were able to derive for the first time all the ground state rotational parameters, including those
purely K-dependent, up to the sixth order.
Recently, several papers of Ulenikov and collaborators, described infrared studies on vi-
brational bands of monodeuterated methane and provided ground state constants from GSCDs.
Moreover they developed a new method, called “supercombination differences” in order to deter-
mine the splitting of the K = 3 vibrational ground-state levels of ground state for symmetric top
molecules from infrared spectra [108]. We have previously seen that in the rigid-rotor approximation
the |K| levels of a symmetric top molecule are all doubly degenerate except for K = 0 (eqn. 5.3,
5.6). In the distortable rotor, the |K| levels, except for |K| = 3n, remain degenerate with an E
symmetry but are displaced by centrifugal distortion, while the K = 0 and K = 3, 6, ... levels are
not only displaced but also split into two components with symmetry A1 and A2. The notation
1, 2 indicates respectively the symmetric and antisymmetric classification of the coordinate wave
function (exclusive of nuclear spin) under exchange of two identical hydrogen atoms.
The K = 3 energy splitting of a generic rotational level J can be derived from the off-diagonal
elements of the Hamiltonian, and is [109]:




3J(J + 1) + · · · ]F (J) (5.12)
where
F (J) = [J(J + 1)− 2][J(J + 1)− 6] (5.13)
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Since it depends on the difference between the energy of the J and J + 1 levels, this split-
ting is only observed at higher values of J . Using the h3 constants reported by [104] the separation
between the two K = 3 states is smaller than 100 kHz for J ′′ ≤ 5. For the K = 3 transitions only
a single line was observed in our measurements with a width of around 2.5 MHz comparable to
the other lines. Hence the splittings appear completely unresolved and no improvement of the h03
constant and its centrifugal distortional corrections have been provided.
In Table 5.3 we report the molecular parameters determined by our analysis, compared
with the analysis of Womack et al.[103]. We have improved the two quartic parameters already
determined and constrained for the first time with microwave data three sextic constants.
Constant Microwave Womack et al.[103] Ulenikov et al.[104]
A - - 157415.656(53)
B 116325.2840(145) 116325.309(12) 116325.271(27)
DJ 1.57594(96) 1.5796(21) 1.57781(12)
DJK 3.79343(226) 3.79(3) 3.79039(46)
DK - - -2.367339(47)
HJ ×103 -0.0280(191) - 0.04301(16)
HJK ×103 0.583(60) - 0.36410(19)
HKJ ×103 -0.490(90) - -0.2015(17)
HK ×103 - - -0.0493(15)
LJJK ×106 - - -0.0355(22)
LJKK ×106 - - 0.0447(51)
h˜3 ×106 - - 0.9744(65)
/˜ ×101 - - 0.96a
MWRMS 0.029 - 0.194
σbRMS 0.519 - 3.77
Table 5.3: Molecular parameters, in MHz, derived from our microwave analysis compared to the previous available.
Standard errors (1σ) in parentheses refer to the least significant digit. h˜3 and $˜ are defined in [104].
a Fixed;
b Dimensionless.
Ulenikov et al.[104] present two Hamiltonians for the ground state of CH3D that include
rotational operators up to eighth order. The models were adequate to reproduce the ground-state
combination differences (GSCDs) to within 5% of the experimental uncertainty. Without published
values for the GSCDs we were unable to make a direct comparison of our measurements to this
data set. For this reason we preferred to perform an independent microwave analysis using only
rotational experimental data, hence not providing any pure-K parameters, that in any case would
have been improved by our measurements.
An evaluation of the global (microwave + infrared) data set has been performed by the spectroscopy
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group in Cologne and summarised on the CDMS web page of monodeuterated methane, created
after our publication. They have noted some discrepancies between our high frequency data and
predictions based on ground state constants of Chackerian & Guelachvili [110] and of Ulenikov [104]
ground state constants. For this reason, to form a whole homogeneous database they have doubled
the uncertainties of the two older data sets, increased the uncertainty of our JK(33 → 43) lines to
150 kHz and excluded the other three transitions of the same J(3→ 4) group.
This discrepancy was already noted during our analysis as evidenced by the big difference in the
value of the sextic parameter HJ including a change of sign, between our analysis and that of
Ulenikov (Table 5.3). For this purpose during the preparation of our publication we tried to follow
a similar procedure adopted by the Cologne group, rising the uncertainties of the higher frequency
transitions (J = 3 → 4 or J = 4 → 5) and checking these groups line by line, but the microwave
fit didn’t change significantly, the rms error remained exactly the same, all the constant get slightly
worse and HJ was completely undetermined. In addition, no experimental evidence to leave out the
lines excluded by CDMS is apparent. As can be seen in Fig. 5.3 the lines have good signal to noise,
are unconvoluted (except possibly K=2), are not deformed, and the spectrometer was functioning
normally to the best of our knowledge. Finally, to be as consistent as possible we have preferred not
to use calculated transitions, such as GSCDs, and to use only measured data from the microwave
experiments.
5.4.3 13CH3D
For the first time three rotational transitions of 13CH3D were also detected, in natural
abundance, and are reported in Table 5.4. The spectroscopic properties of this species are expected
to be very close to those of CH3D because they differ only in the mass of the carbon nucleus, and
because the substituted atom lies on the molecular axis. Our measurements are here compared with
the predictions used for the assignment, based on the A, B, DJ and DJK ground state constants
reported by Ulenikov et al.[111]. These constants represent the only available ground state parameter
set for this species. Also in this case the frequency reported by Ulenikov and co-authors are obtained
from ground state combination differences. They have analyzed the lower vibrational bands ν3, ν5
and ν6, obtaining about 850 GSCDs with ∆K = 0 which have not allowed them to determine the
pure-K parameters, that have been fixed to the CH3D values.
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J ′′ K ′′ J ′ K ′ Frequency Residual Predicted [33]
4 3 3 3 929132.1265 -13 929130.7
4 1 3 1 929376.0805 120 929375.6
4 0 3 0 929406.3318 -106 929406.2
Table 5.4: Measured rotational transitions of 13CH3D. Frequencies are in MHz; residuals in kHz. The assigned
uncertainty is 200 KHz for all the lines.
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Formic Acid
The next step in spectroscopy complexity was made with the following measurement session
at JPL. After a linear molecule and a symmetric top, we focused on formic acid, an asymmetric
top species. The main isotopic species of HCOOH, has been widely studied by both laboratory
spectroscopy and astronomy, while this is not always the case for the isotopologues. This chapter
will detail our measurements and analysis of the 13C and the two mono-substituted deuterium
isotopologues; in each case for both the trans and cis rotamer.
The goal of our study comported two different aspects. Firstly to extend the frequency range
of measurements and accurate predictions of the main trans rotamer as needed for near future
radio astronomy instruments. Secondly to provide new data for the cis species, since its detection
in the ISM, although more difficult, could provide new insights into the chemical and physical
properties of the objects studied. For this less-abundant rotamer high-frequency data, especially for
the deuterated isotopologues, are lacking.
6.1 Astrophysical interest of the species
Formic acid (HCOOH) is the simplest organic acid and the first identified in the interstellar
medium [112]. It has been observed, so far only in its main trans isomer and major isotoplogue,
principally in star-forming regions such as Orion KL, Sgr B2, Sgr A and W51 [113, 114, 115, 116]
and is associated with hot-cores, and massive star formation. Recently it has also been shown to
be present in some hot-corinos (for example that around IRAS 16293-2422) associated with forma-
tion of stars similar to our Sun [117, 118]. Several detections in the cold dark cloud L134N/L183
[119, 120, 121] have also been reported. Formic acid is also present in chondritic meteorites [122]
and millimeter-wave lines have been observed in outgassing from the Comet Hale-Bopp [123]. It
is a species of intermediate complexity, and as such, may indicate the transition between simpler
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species that are formed in the gas phase and complex hydrogenated species like CH3OCHO that
are believed to form by grain chemistry [120]. The detection of icy HCOOH in star-forming regions
(e.g. [124]) and dense molecular clouds before the onset of star-formation [125] indicates that its
formation occurs on grain surfaces during the cold phase of star-formation but gas-phase formation
processes cannot yet be ruled out. Since it shares common structural elements with biologically
important species such as acetic acid and glycine the study of formic acid should aid future searches
for these molecules and give information on possible reaction paths.
The spatial distribution of complex organic molecules (COMs) like formic acid and its
correlation with grains and temperature should give valuable clues to the creation and destruction
routes of these species.
All the references cited above concerning the rotational spectrum of formic acid are limited
to the millimeter-wave and microwave regions (below around 300 GHz). As outlined in the first
chapter, higher frequency measurements and prediction will be required in order to face the near
future radio astronomy projects. Also the study of the cis isomer and isotopologues of formic acid
could be used as probes of the physical conditions and of formation reactions in the regions where
they are observed. In particular it would be interesting to see if the overabundance of deuterium
isotopologues observed for other species in low-mass star forming regions (see for example [126]) also
occurs in formic acid.
6.2 Spectroscopic background of formic acid
As will be described in the next sections, formic acid has two rotameric isomers, cis and
trans, depending on the relative position of the two hydrogen atoms.
Many studies have been devoted to trans-formic acid. The microwave and millimeter wave rotational
spectrum has been studied since the beginning of the 1950s (for example [127]) and a list of works
before 1978 can be found in [128]. For HCOOH the components of the dipole moment along the a
and b axes have values of respectively 1.4071(8) D and 0.227(10) D [129]. The hyperfine structure
due to the interaction with the nuclear spin of the protons is only a few kHz even for the lowest
transitions and has only been measured at radio-frequencies using a molecular-beam spectrometer
[130]. Several studies have been carried out on the isotopologues and substitution structures deter-
mined [131, 132, 133, 134]. Work has been done both by FTIR and by microwave spectroscopy on
the vibrational states ([135] and references therein) including the two lowest ν7 and ν9 (for example
[136]), most pertinent to astrophysical detection.
The cis form was first detected by microwave spectroscopy and the components of the dipole moment
determined as µa = 2.65(1) D and µb = 2.71(1) D [137]. The analysis of the rotational spectrum
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was recently extended to the submillimeter wave range [138].
Recently, detailed ab initio calculations have been carried out for both the cis and the trans rotamers
[139]. The quadratic, cubic, and semi-diagonal quartic force fields of cis- and trans-formic acid were
calculated using three different levels of theory. A semi-experimental equilibrium structure was de-
rived from experimental ground state rotational constants and rovibrational interaction parameters
calculated from the ab initio force field.
The submillimeter-wave spectrum of trans and cis-HCOOH and trans-H13COOH has recently been
measured at Cologne between 835 - 993 GHz [140] who also report lower resolution far-infrared
Fourier transform spectra for the same species between 20-100 cm−1 (600-3000 GHz).
6.3 Spectroscopy of Asymmetric Top molecules
A full description of the physics of asymmetric top molecules is beyond the goal of the
present work, and it can be found in several spectroscopy textbooks (e.g. Gordy & Cook [73]). In
this section we want to give a short summary of the treatment of this kind of molecule, outlining
the theoretical tools that have been used for the analysis of formic acid and its isotopologues.
An asymmetric top is a rotor with no principal moments of inertia equal and none zero. As already
seen for symmetric tops, we can define the quantum mechanical Hamiltonian describing the rotation
of a rigid asymmetric body as:
Hr = AP 2a +BP 2b + CP 2c (6.1)
where the standard notation for the rotational constants has been used. In order to help
the characterization of asymmetric tops, various parameters have been defined to indicate the degree




which becomes -1 for a prolate symmetric top (B = C) and 1 for an oblate symmetric top
(B = A), varying between these two values for asymmetric cases. Given the values of the parameters,
reported later in the analysis section, we obtain for formic acid κ very close to -1 and hence it is
a near-prolate symmetric rotor. For an asymmetric top, the total angular momentum J and its
projection M on an axis fixed in space are constants of the motion and good quantum numbers,
which can be used to specify the state of the rotor. However, neither in the classical motion nor for
the quantum-mechanical solution is the component of the angular momentum constant along any
internal direction in the rotating asymmetric molecule. This means that the quantum number K,
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which in a symmetric top is the projection of J on the symmetry axis, is no longer a good quantum
number and cannot be used to perfectly specify the rotational state.
Regardless of the fact that K is not a good quantum number for an asymmetric top, the energy
levels may be specified by giving the value of J and the value of Ka (or K−1 following an older
notation) for the limiting prolate and Kc (or K1) for the limiting oblate symmetric top.
For a near-prolate asymmetric top the rotational Hamiltonian 6.1 can be written in the form:
Hr = 12(B + C)P
2 + [A− 1
2
(B + C)]H(bp) (6.3)








(B + C)J(J + 1) + [A− 1
2
(B + C)]WJKaKc (bp) (6.5)
If the molecule is only slightly asymmetric, the reduced energy W can be expressed as:
WJKaKc (bp) = K
2




p + ... (6.6)
where the Ci can be obtained with standard perturbation techniques, with the term in
bp of H(bp) being treated as the perturbation operator. An approximate general expression for the
asymmetry splitting of the K levels has been provided by Wang [142] and reveals that the degenerate
level splitting decreases with increasing K.
It is easy to understand how the complexity of this treatment increases when a more
realistic scenario, which include the distortional effects, is taken into account. In principle, the rules
to obtain the energies of an asymmetric distortable rotor are the same as previously seen for the
symmetric top, CH3D, and hence consist of treating the centrifugal distortional Hamiltonian (eqn.
5.4) as a perturbation on the eigenfunctions of the rotational Hamiltonian seen above (eqn. 6.1).
The centrifugal distortional Hamiltonian can be written in a first-order approximation as in eqn.
5.5, making use of the equivalence of many distortion constants τ . The first-order distortion energy






τ ′ααββ〈P 2αP 2β + P 2βP 2α〉 (α.β = x, y, orz) (6.7)
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with τ ′ααββ = τ
′
ββαα and 〈...〉 as the average value of the appropriate operators.
It can be shown that trying to evaluate the molecular parameters in the Hamiltonian from the
corresponding eigenvalues, these latter may depend on only certain linear combinations of the pa-
rameters. To properly fit the experimental data, one must employ a Hamiltonian that has any
experimentally indeterminable parameters removed from it. This is called a “reduced” Hamiltonian
and has to be used to fit experimental data. On the other hand, to interpret the quantities in terms
of fundamental molecular parameters, the experimentally determined coefficients must be related
to the constants in the original first-principles Hamiltonian. The reduced and original Hamiltonian
operator are related through a unitary transformation:
Hred = eiSHe−iS (6.8)
where S is a Hermitian operator. The most general form of the rotational Hamiltonian is





























with p+ q + r = n with n odd. In this way it can be shown that the reduced Hamiltonian
including up to the P 6 terms, can be expressed as:
Hred = Hredr +H(4)redd +H(6)redd (6.11)
where Hredr = Hr (6.12)
H(4)redd = H(4)d + i[Hr, S3] (6.13)
H(6)redd = H(6)d + i[Hr, S5] + i[H(4)d , S3]−
1
2
[[Hr, S3], S3] (6.14)
Now, once a choice of the spqr parameters has been made to eliminate the maximum number
of terms from H, the transformed Hamiltonian becomes a reduced Hamiltonian. In principle, an
infinite number of choices of the s parameters, and hence reductions, are possible but two are
mostly used by the spectroscopist: the Asymmetric Top (A) and the Symmetric Top (S ) reduction
(a complete description of these two reductions can be found in [73]). The optimum form of the
reduced Hamiltonian depends on a variety of properties of the system, such as the symmetry of
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the molecule and the number and symmetry of the vibrational states involved in the interaction,
the kind and magnitude of the interactions, and the energy differences between the states. Also
it is important to know the relations between the magnitude of the terms in the expansion of the
Hamiltonian and the total power of the angular momentum operators of these terms. Usually, for
slightly asymmetric tops with |κ| > 0.97 the S-reduction is preferred for reason of bad convergence
of the A-reduction (Marstokk & Møllendal [144]), and in particular of the s111 parameter. This is
not the case of formic acid where the modulus of Ray’s parameter of both the rotamers is slightly
smaller (see the analysis section) than the limit case reported by Marstokk & Møllendal, and hence
an asymmetric A-reduction has been chosen, in accordance with the older works performed on these
species.
Following this choice, the complete set of Hamiltonians up to the octic order used for the fit of our
experimental data is:
HA = Hr +H(4)d +H(6)d +H(8)d (6.15)
where
Hr = 12(B + C)P
2 + [A− 1
2
(B + C)]P 2z +
1
2
(B − C)(P 2x − P 2y )
is the rotational part of the Hamiltonian and the quartic, sextic and octic centrifugal
distortion contributions are respectively:
H(4)d = −∆JP 4 −∆JKP 2P 2z −∆KP 2z − 2δJP 2(P 2x − P 2y )− δK{P 2z , (P 2x − P 2y )}
H(6)d = ΦJP 6 + ΦJKP 4P 2z + ΦKJP 2P 4z + ΦKP 6z
+2φJP 4(P 2x − P 2y ) + φJKP 2{P 2z , (P 2x − P 2y )}+ φK{P 4z , (P 2x − P 2y )}
H(8)d = LJP 8 + LJJKP 6P 2z + LJKP 4P 4z + LKKJP 2P 6z + LKP 8z + lJP 6(P 2x − P 2y )
+lJKP 4{P 2z , (P 2x − P 2y )}+ lKJP 2{P 4z , (P 2x − P 2y )}+ lK{P 6z , (P 2x − P 2y )}
A,B,C are Watson’s reduced rotational constants, the deltas, the phi’s and the L’s are the
quartic, sextic and octic centrifugal distortion parameters respectively. The Pˆ ’s are the operators
for the total angular momentum and its projections on the molecular axis.
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6.4 Experimental details
All measurements were carried out at JPL, during my second visit in November-December
2006. The experimental setup was as described previously with measurements taken at room tem-
perature setup and a double-pass of the microwave radiation in the cell. The commercial samples
used for these measurements were provided by the ISOTEC company (Sigma-Aldrich group, USA).
The cell was used in a static setup and filled to 70 mTorr with sample. During the scans small air
leaks limited the acquisition time to approximately one hour before refilling, and an upper pressure
limit of 250 mTorr (sample and air) was used to allow for overnight scanning. The limited amount
of the samples did not allow to adopt a flow-system setup. The same source modulation settings
and detection settings as in the previous experiments was adopted. Scans were performed around
600 GHz and 1.2 THz. Due to the temporary absence for repairs of the lower frequency source,
measurements of all the species (H13COOH, DCOOH and HCOOD respectively) were first taken at
1.2 THz and then the source was changed to 600 GHz in order to take another series of spectra.
After the first sample change several contamination features of the 13C isotopologue were found
in the DCOOH spectra making the assignment process harder. Hence the cell was subsequently
conditioned each time the sample was changed. This was done by filling the cell with the new
sample at high pressure (a few Torr), leaving it for several minutes, pumping it out and repeating
the procedure several times. Even so significant contamination of previously used isotopologues was
noticeable in subsequent scans (e.g. Fig. 6.9).
We have seen in the previous chapter how the power of the sources is not constant across
their working range. In Fig. 6.1 the power scan of the VDI 600 GHz is shown. This scan should
be compared to the one reported in Fig. 5.1 in the previous chapter. Both of the figures show the
power scan of the same source, but, in between the two measurement sessions it was sent to Virginia
Diodes for repair, as previously mentioned. For a complete comparison of the two scans some other
systematic effects should be taken into account, such as atmospheric absorption that is relevant at
these wavelength. However it’s clear how, after the intervention, not only the absolute power of the
source has changed, but also the absorption pattern itself.
In Fig. 6.2 the power scan of the JPl built source around 1.1 THz is shown. For this
frequency region power variations are very significantly affected by atmospheric absorption mostly
due to water absorption. Hence the choice of the branches to be analysed is directly linked to
the best transmission windows. It’s worth noticing that for both the plots reported above an
acquisition of only few minutes was required. This is one of the major advantages of these solid-
state sources, compared to other solutions, such as Backward Wave Oscillators (BWO) for which a
“single-acquisition sweep” cannot be bigger than a few hundreds of MHz.
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Figure 6.1: Power scan of the 600 GHz VDI source performed before acquiring the spectrum of H13COOH.
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Figure 6.2: Power scan of the JPL built 1.1 THz source.
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6.5 Data analysis
The assignment process for an asymmetric top species is much harder than for the other
classes of molecules reported in the previous chapters. This is not only because of the irregular
distribution of energy levels, but also because the selection rules and transition probabilities between
these levels are more complex. The selection rules are complicated partly by the increased number
of separate levels, and partly because of the arbitrary direction of the dipole moment. The allowed
changes in J for dipole absorption of radiation are ∆J = 0,±1. In an asymmetric rotor, each of
the three J changes might give rise to an absorption line, while for symmetric rotor only ∆J = +1
gives rise to rotational absorption since the level with higher J always lies highest. The ∆J = −1
transitions are designated as P -branch, ∆J = 0 as Q-branch and ∆J = +1 as R-branch. In addition
to these selection rules for J there are also restrictions on the changes that can occur in the Ka and
Kc used to label the energy levels. Defining as µa,b,c the component of the permanent molecular
dipole moment resolved along the principal axes of inertia, the selection rules in term of permitted
changes in the Ka and Kc subscripts are reported in Table 6.1
Dipole Component ∆Ka ∆Kc
µa ,= 0 0, ±2,... ±1, ±3,...
µb ,= 0 ±1, ±3,... ±1, ±3,...
µc ,= 0 ±1, ±3,... 0, ±2,...
Table 6.1: Selection Rules for Ka and Kc in an asymmetric top.
Any transition is due to only one of the components of the dipole moment, and is generally
referred as a-, b- or c-type, with each sub-group having intensities proportional to the matrix elements
of the corresponding dipole moment component.
A clear example of the intensity difference of the a and b type transition for the trans rotamer, in
accordance to the dipole moment values cited in section 6.2, is shown in Fig. 6.3. In this plot four
lines of the R(30)-branch of HCOOD can be seen, with the two b-type (Ka) transition around a
factor 40 times less intense than the a-type one, in good accordance with the estimation that can
be made using the dipole moment ratio squared ((µa/µb)2 ∼ 38), if we take into account also a very
small variation of the source power in this range. A R(29) transition can also be seen in this spectral
extract as can a transition of the parent isotopologue present as contamination..
Scans were performed around 600 and 1100 GHz in regions where major branches of the
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Figure 6.3: Extract of the trans-HCOOD R(30)-branch around 627.5 GHz.
species overlapped with optimum source power. For the trans species a single scan was in general
sufficient for good signal to noise; for the cis species up to ten scans had to be co-added. The
H13COOH molecule was measured in the regions 597-607 GHz and 615-650 GHz with some nar-
rower scans in between, for the cis isomer. In the higher range scans were taken from 1.066 to 1.097
THz. DCOOH was studied in the ranges 595-650 GHz, 1.075-1.095, 1.100-1.111, 1.122-1.152 and
1.167-1.183 THz. HCOOD was measured in the same regions with a slightly modified lower range of
587 to 644 GHz and an additional measurement between 1.187-1.196 THz. The SPFIT and SPCAT
programs [23] were used to fit each isotopologue separately and to generate improved predictions
that are now available on the JPL website.
For our measurements [145] of the trans isomers an uncertainty varying from 50 to 75 kHz was
assigned; a 100 kHz uncertainty was used for the cis species. A higher value was given for lines with
poor signal to noise or blended transitions.
The molecular constants determined for each species are reported in Tables 6.3-6.9 An A-reduced
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Watson Hamiltonian in the Ir (x→ b, y → c, z → a) representation was used for each isotopologue
studied.
Formic acid has two rotameric isomers, defined by whether the two H-atoms are cis or
trans to each other. Both rotamers are near prolate asymmetric tops with a planar structure and














Figure 6.4: The two formic acid isomers.
Ray’s parameter is κcis = −0.96 and κtrans = −0.95 for the parent species. The cis-rotamer
lies approximately 1365 cm−1 higher in energy than the trans. The ratio R of the intensities for
transitions of the two rotamers can be given in the high temperature approximation (neglecting
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where, γ is the intensity coefficient at maximum absorption, f is the fraction of molecules
in the ground vibrational state of the given rotamer, ν is the frequency of the transition, ∆ν the
linewidth of the rotational transition, and µα is the α-component (a or b) of the electric dipole
moment relevant for the transition. Hence, whereas this ratio can be less than 10−3 for the a-type
transitions, it can reach a few percent in the case of b-type transitions, considering a fractional
abundances f = fcis/ftrans at room temperature around 1.4×10−3 and the dipole moment values
available in literature (and cited in section 6.2).
6.5.1 trans-isomers
For each species we made a final global fit including data from other authors. When the
same transition had been remeasured by the present study, our data was used since the estimated
uncertainty was in each case smaller. Table 6.2 summarizes the data used for each species including
the maximum quantum numbers assigned and the branches with the highest quantum numbers
amongst those extensively measured. For example for H13COOH the global fit was based on 716
assignments (610 measured) and of these 457 (indicated in the table in parenthesis) are new lines
measured in this work. Other lines are taken from work by [133] below 185 GHz and from a recent
study by [140] in ranges 172-366 GHz and 835-993 GHz.
trans Species
Isotopologues Major Branches Fit Other lines
H13COOH bQ8(Jmax = 47) σ = 45 kHz Jmax = 56
aRKmax=17(50) σred = 0.70 Kmax = 25
N = 716(457)
DCOOH bQ12(Jmax = 48) σ = 84 kHz Jmax = 66
aRKmax=20(52) σred = 0.98 Kmax = 32
N = 738(537)
HCOOD bQ10(Jmax = 47) σ = 87 kHz Jmax = 59
aRKmax=20(50) σred = 0.90 Kmax = 22
N = 641(513)
Table 6.2: Branches with several transitions assigned and with the highest quantum numbers are reported here. Other
lines, some with higher quantum numbers, were used in the fit and the highest J and Ka are reported. The fit column
gives the standard deviation, the reduced error and the numbers of lines used for the global analysis. In brackets the
numbers of lines assigned from our spectra.
In addition to the new lines measured in the isotopically enriched sample we were able to
include some lines identified in natural abundance from spectra taken of the 12C species between
756-814 GHz. Lines of H13COOH, resulting from residual contamination, were also identified during
subsequent measurements of DCOOH and as some of these were outside the range of our previous
measurements they were also included in the fit.
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Figure 6.5: 55 GHz scan around 600 GHz for DCOOH. The source power scan is plotted above. The intensity
attenuation at higher frequency is a clear representation of the air-leak effect in the form of pressure broadening.
After this scan we refreshed the sample and rescanned the region above 635 GHz for an easier assignment.
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Fig.6.5 shows a wide scan around 600 GHz. The spectrum shows the typical pattern of
a near-prolate symmetric top, with three a-type R-branch features spaced at intervals of roughly
B+C(∼22 GHz). From this large 55 GHz scan it’s easy to see the modulation induced by the source
power oscillation (see Fig. 6.1). However, when the assignments process is performed and several
zooms are carried out in this plot, the signal to noise ratio can be evaluated. A couple of plots are
shown as example. The first (Fig. 6.6) shows the first step of the assignment method for this kind











Figure 6.6: Zoom in around 618 GHz of the previous plot, showing the aR(27) branch along with its turning point
(for Ka=19).
Finally, a specific zoom for each transition is carried out to extract the precise information
about its frequency center (Fig.6.7).
Figure 6.8 shows a 1.8 GHz portion of the RQ8(J) branch of H13COOH (with J from 27
to 12). For this plot we also show a simulated stick spectrum, from which the accordance between
the experimental data and the catalogue can be seen. The corresponding power scan is also shown
and can explain small intensity fluctuations.
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Figure 6.7: Final step of the assignment process: typical trace used to measure the peak frequency. NoKc information
are reported for this line since both 13→ 14 and 14→ 15 are represented by this frequency. The Kc splitting can be
resolved at lower Ka value (higher frequency). For this specific branch the first resolved splitting is found (∼ 4 MHz)
at Ka=8.
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A comparison between the analysis from our work and the most recent previously published study is
reported in Table 6.3. It can be seen that the higher order centrifugal distortion constants are now
better determined. In addition we were able to well constrain the LKKJ and lKJ octic parameters.
It should be noted, however, that we were not able to constrain the LK parameter from the new
dataset even without inclusion of the two new octic parameters specified above. The choice of
parameters was that which gave the best fit. The new parameter choice is needed to fit the high K
transitions, when these are not included LK may be fitted as previously.
Figure 6.8: Portion of bQ8(J) branch for H13COOH, with J from J = 27 (left) to the turning point J = 12 at the
right end.
In the analysis of DCOOH, data from [127] and [146] were included. Lines from [127]
and [147] were added to our HCOOD dataset. As can be seen from Tables 6.3 - 6.5 the same set of
parameters were used to fit all the trans species. For both deuterated species all centrifugal distortion
parameters are better constrained and the three octic constants have been determined for the first
time. For DCOOH, φJK has been constrained for the first time and an additional significant figure
has been determined for the other sextic parameters. For HCOOD significant changes in φJK and
φK should be noted with φJK now taking a value much closer to that of DCOOH and HCOOH. For
HCOOD an additional significant figure has been determined for φJ and φJK has the uncertainty
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reduced by 7.
trans-H13COOH




















Table 6.3: One standard deviation in units of the last decimal place is given in parentheses.
∗Baskakov et al. [136].porco
6.5.2 cis-isomers
Data used in the fits for the cis isomers are also summarized in Table 6.6. The data for
the ground state of cis-H13COOH, previously reported, consisted in 100 lines between 152 and 375
GHz from [138] and 28 microwave transitions below 47 GHz from [148]. This data was merged with
our 96 new assignments for a global analysis, the parameters of which are given in Table 6.7. The
values of the parameters from the two different data sets are generally in good agreement for the
quadratic and quartic portions of the Hamiltonian (3σ or less except δK for HCOOD).
Three sextic parameters, ΦJ , ΦK and φK have been constrained for the first time and a
fourth, sextic term, ΦKJ is determined with an additional significant figure. Inclusion of the sextic
constant ΦJ improves the fit even though it is determined with an uncertainty of only 5σ.
For both the deuterated species, previous measurements of the ground state have been reported by
[148]. Respectively 31 and 24 lines for cis-DCOOH and cis-HCOOD below 50 GHz were added to
our measurements giving more than 110 lines up to 1.2 THz for each isotopologue. A comparison
of the molecular parameters obtained with the previous analysis using the low frequency data is
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trans-DCOOH



















Table 6.4: One standard deviation in units of the last decimal place is given in parentheses.
∗Baskakov [146].porcoporco
trans-HCOOD



















Table 6.5: One standard deviation in units of the last decimal place is given in parentheses.
∗Baskakov et al. [147].porco
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cis Species
Isotopologues Major Branches Fit Other lines
H13COOH bQ7(Jmax = 39) σ = 54 kHz Jmax = 39
aRKmax=15(28) σred = 0.92 Kmax = 17
N = 224(96)
DCOOH bQ10(Jmax = 55) σ = 67 kHz Jmax = 55
aRKmax=11(27) σred = 0.68 Kmax = 11
N = 102(71)
HCOOD bQ7(Jmax = 42) σ = 60 kHz Jmax = 58
aRKmax=11(28) σred = 0.66 Kmax = 11
N = 116(92)
Table 6.6: Branches with several transitions assigned and with the highest quantum numbers are reported here. Other
lines, some with higher quantum numbers, were used in the fit and the highest J and Ka are reported. The fit column
gives the standard deviation, the reduced error and the numbers of lines used for the global analysis. In brackets the
numbers of lines assigned from our spectra.
given in Tables 6.8 and 6.9. There is a good global agreement between rotational and quartic
centrifugal parameters although the latter are determined somewhat outside previous uncertainty
boundaries. As is to be expected all parameters are better determined. For both isotopologues
sextic constants have been determined for the first time and for cis-HCOOD the inclusion of two
octic parameters improved the fit. In both cases our work improves the number and quality of
determinable parameters.
An extract of a few hundred MHz of HCOOD spectrum is shown in Figure 6.9.
Simulations of the different isotopologues are overlapped and it can be seen how the con-
taminating spectra of the species used for previous measurements, are sometimes more intense than
the cis isomer transitions even after conditioning of the cell. In spite of this the high signal to noise
ratio (S/N) allowed the assignment of almost all the bQ7(J) lines to be made.
6.6 Final remarks
Recently, several publications, mostly by Baskakov (see for example [149], [147], [150])
on formic acid (including the isotopologues and the cis rotamer) have been devoted to its excited
vibrational states, including infrared data and microwave and millimeter wave measurements of rota-
tional transitions of vibrationally excited molecules. Some of these publications have given analyses
both for the vibrational state considered and for the vibrational ground state using combination
differences. Our work concerns uniquely the vibrational ground state and focuses on submillimeter
and terahertz data of 13C and deuterium isotopologues in order to provide accurate measured and
predicted frequencies for interpretation of far-infrared spectra taken by near future instruments such
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Figure 6.9: HCOOD 400 MHz scan near 1.1 THz.
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cis-H13COOH














Table 6.7: One standard deviation in units of the last decimal place is given in parentheses.
aBaskakov et al. [138].
bFixed at value for the ground state of cis-HCOOH.
as HIFI/Herschel, SOFIA and ALMA.
It is also interesting to review for formic acid the previous state of two major databases
used by astronomers for interpreting rotational spectra; that of the JPL and of Cologne University
CDMS. These databases contained no entry for any of the cis species except the parent cis-HCOOH
(CDMS). For trans-DCOOH and trans-HCOOD only an entry in JPL from 1980 existed before this
work and all predictions were based on measurements up to only 160 GHz and 237 GHz respectively.
For trans-H13COOH a recent entry in the CDMS catalogue is based on all measurements except the
new ones reported here; the new entry in JPL should be slightly more precise.
To summarize the present work has provided new experimentally determined frequencies in
the THz region. The improvement in the determination of the higher order centrifugal parameters
should make predictions of all lines more precise and reliable especially at the higher frequencies
of the Herschel operating range. All measured lines and new predictions are made available on the
JPL website.
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Table 6.8: One standard deviation in units of the last decimal place is given in parentheses.
∗Bjarnov & Hocking [148].
cis-HCOOD
















Table 6.9: One standard deviation in units of the last decimal place is given in parentheses.
∗Bjarnov & Hocking [148].

Chapter 7
Propane: a double internal rotor
The previous chapters discuss the analysis of three types of rotational spectra: the formyl
cation (linear molecule), monodeuterated methane (symmetric top) and formic acid (asymmetric
top). In this section we want to introduce a class of asymmetric rotors, whose spectrum is harder
to analyse due to the specific chemical structure of the molecules that gives rise to the phenomenon
of internal rotation. This class of molecule is very important in the study of astrophysical objects
containing organic molecules since molecules of this type are often responsible for many lines in
the observed spectrum. After a brief description of the general theory of internal rotation, a more
detailed study of the propane (CH3CH2CH3) molecule will be presented.
7.1 Propane in the earth and planetary atmospheres and in
the ISM
Propane is the simplest alkane to have a small, 0.0848 Debye [151], but permanent dipole
moment. Due to its simplicity it is well known in the Earth’s atmosphere as well as planetary
atmospheres. In the earth’s atmosphere propane is produced by biomass burning and is an indication
of pollution in urban areas [152]. The local presence of light hydrocarbons like propane over a region
of the earth can be used as a petroleum deposit indicator and around pipelines it indicates the
position of leaks [153].
Propane has been unambiguously identified in the atmosphere of the Saturnian satellite
Titan from its vibrational band near 748 cm−1 using the Texas Echelon Cross Echelle Spectrograph
(TEXES) [154]. Titan, second in size only to Jupiter’s Ganymede, is the only moon with a dense at-
mosphere. Recent spectroscopic [155] and radar observations [156] suggest that Titan has a complex
terrain with evidence for deposition and rearrangement of hydrocarbons and nitriles (tholins) on its
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surface. It is believed that a network of photochemical reactions leads from methane to the forma-
tion of numerous heavier hydrocarbons, including propane. Eventually these heavier hydrocarbons
precipitate on Titan’s surface through rain, snow, haze deposition, or other condensation processes.
Titan is believed to be a good model for the pre-biotic chemistry that has lead to life on Earth.
For example, ion mass chromatography studies [157] have shown that after irradiation of an ice
mixture consisting of propane (or methane, or carbon monoxide), ammonia, and water with 3 MeV
protons, various amino acids were detected after acid hydrolysis (e.g., glycine, alanine, and amino
butyric acid). Propane was also identified in Voyager and ISO infrared spectra of Titan though the
resolution of these spectra left every band of propane blended with other emission features. The
TEXES instrument also detected emission of propane near 748 cm−1 from Saturn[158]. Observation
of propane on Jupiter has been made by the Galileo probe’s mass spectrometer [159]
The presence of propane in the interstellar medium is also possible. The first of the alkane
family, methane, is included in models of interstellar clouds and even in low abundances is proposed
to be the starting point of a rich chemistry leading to the complex organic molecules observed in dense
interstellar clouds (see for example [160, 161]). However, the optical and infrared spectra of saturated
hydrocarbons are difficult to observe in dense molecular clouds due to optical opacity. Longer
wavelength observations of the rotational spectrum favor molecules with large dipole moments,
making detection of saturated hydrocarbons particularly difficult. The detection or non-detection
of propane in the sources where methane is found will provide interesting information on grain
chemistry and molecular complexity. Ethane and methane have been detected in comets with
abundances that could be the result of photolysis or ion irradiation processing of interstellar ice
grains mantles [162]. Laboratory studies show that propane is formed after proton irradiation of
CH4/H2O ices [163]. Since propane has a permanent dipole moment there is the possibility to study
it using radio, submillimeter and far-infrared telescopes.
7.2 Internal Rotation theory
Internal rotation has for many years been a subject of considerable interest to both chemists
and physicists. For molecules which consist of two groups connected by a single bond, the groups can
rotate with respect to one another about the single bond. If the barrier is high, the internal motion
corresponds to simple harmonic oscillation, whereas if the barrier is very low the internal motion is
essentially free rotation about the single bond. In contrast, for two groups connected by a double
bond, the relative rotation of the groups requires uncoupling of the pi-electrons and is expected to
be very difficult.
This phenomenon was first indicated by Kemp & Pitzer [164] in 1936, on the basis of thermodynamic
evidence, who stated that the two methyl groups in the ethane molecule (CH3CH3) could not freely
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rotate but were limited by a potential barrier.
The effect of internal rotation on the rotational spectrum is that each rotational transition will exhibit
a splitting structure caused by the interaction of internal and overall rotation. This structure depends
on the height of the potential barrier hindering internal rotation. An analysis of this structure with
the accurate high-resolution measurements of microwave spectroscopy leads to the evaluation of the
potential barrier.
Fig. 7.1 shows a typical three-fold top potential barrier.
Figure 7.1: Typical potential barrier of a three-fold top. Here for methyl formate, HCOOCH3, as a function of the
angle θ between a fixed C-H bond of the methyl group and the single bond formed by the same carbon atom and
the adjoining oxygen. The continuous line represent the zero-point vibrational correction model, which includes both
harmonic and anharmonic corrections ([165]).
As can be seen, the potential barrier is a periodic function of the angle (hereafter α)
describing the rotation of the group (a methyl group, CH3, in this case) with respect to the single
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bond connecting to the rest of the molecule. For a three-fold top, such as a methyl group, we can




(1− cos(3α)) + V6
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(1− cos(6α)) + ... (7.1)







(1− cos(3α)) = Eψ (7.2)
where only the first term of the potential function expansion has been used and where
F = !/2I, with I the reduced moment of inertia of the methyl group.
We can consider two different extreme cases, when the barrier height V3 approaches zero and infinity.






ψ = 0 (7.3)
whose solutions are
ψ(α) = Aeimα =
pi√
2
(cos(mα) + isin(mα)) (7.4)
with the boundary condition ψ(α) = ψ(α+2pi), m = 0,±1,±2, ... The free rotor states are
all doubly degenerate except for m = 0.
The case of infinite barrier, V3 → ∞, can be treated as a small oscillation problem and
hence the cosine function can be developed for small α values. In this approximation the potential
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α2]ψ = 0 (7.6)
This is the harmonic oscillator equation whose eigenvalues are:










with v = 0, 1, 2, ... Hence in this case the torsional energy levels correspond to those of
a harmonic oscillator, and each state is triply degenerate since the internal motion is a torsional
oscillation in any one of the three equivalent potential wells.
However, if the barrier is not truly infinite there is a probability, even if V3 > Ev, to pass
the potential barrier and therefore to change the configuration of the methyl group respect to the rest
of the molecule. This is due to a quantum effect know as tunnelling meaning that the molecule can
change its configuration passing not above the barrier but through it. The tunnelling rate depends
on both the height and width of the barrier. In this way there is a breakdown of degeneracy and
the triply degenerate torsional levels are each split into two levels, an A non degenerate level and
an E doubly degenerate level, with the transition rule A↔ A and E ↔ E.
In order to have a quantitative idea of these properties we need to solve the differential
equation above, using the substitutions:
U(α) = M(x) (7.8)
3α+ pi = 2x (7.9)
E = (9/4)Fb (7.10)




+ (b− s cos2 x)M(x) = 0 (7.12)
where b is an eigenvalue, s a parameter representing the reduced barrier height, and M(x)
is a Mathieu function [166].
The “good” eigenfunctions must satisfy the boundary condition M(x) = M(x+ 3pi). The Mathieu
functions that meet this constraint are those with period pi in x (2pi/3 in α) and with period 3pi in x
(2pi in α). The solutions with period pi are associated with nondegenerate eigenvalues while those of
period 3pi are associated with doubly degenerate eigenvalues. The series of solutions are ordered in
terms of increasing size and labelled by the v values, called the principal torsional quantum number.
For each level a σ = 0,±1 is used to give the symmetry or periodicity of the torsional wave functions
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and to distinguish the torsional sublevels. The σ = 0 levels are the nondegenerate A levels, and the
σ = ±1 are the degenerate E levels.
Now if we consider the molecule as rigid except for the internal rotation of the methyl top,
it can be shown [73] that the Hamiltonian can be expressed as:
H = Hr + F (p− P)2 + V (α) (7.13)
where Hr is the usual rigid rotor Hamiltonian, F (= 12!2/rIα) is the reduced rotational










with g = x, y, z (7.14)
Hence the parameters taking into account the internal rotation are the barrier height V3,
the moment of inertia of the top about its symmetry axis Iα and the direction cosines between the
symmetry axis of the top and the principal axes of the entire molecule λg. For this purpose two
main methods have been developed, differing on the axes system choice and giving rise to a different
mathematical development.
PAM: The Principal-Axis Method
This model has been developed by Wilson [167] and Crawford [168]. The basic idea of this
method is to use as coordinate system, the principal axes system (x,y,z) of the whole molecule. The
axis of internal rotation coincides with the symmetry axis of the top, but may not be coincident with
any one of the principal axes. The terms in the Hamiltonian which describe the interaction between
internal and overall rotation are treated by perturbation theory. Equation 7.13 can be divided into
three sub-Hamiltonians:
H = HR +HT +HTR (7.15)
where
HR = Hr + FP2 (7.16)
HT = Fp2 + 12V3(1− cos(3α)) (7.17)
HTR = −2FPp (7.18)
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The first term represents the energy of the rigid rotating system, whose moments of inertia
are different from those of the molecule; the second term corresponds to the Hamiltonian of a simple
hindered rotor with one degree of freedom (the α angle). The third term appears as the product
of the angular momentum of the over-all rotation and the angular momentum associated with the
internal motion of the top. In the solution, the first two terms (HR andHT ) of the total Hamiltonian,
are taken as the unperturbed system and the cross terms are treated as perturbation.
IAM: The Internal-Axis Method
In an alternative method originated by Nielsen [169] and Dennison et al. [170, 171], the
axis about which the top executes internal rotation is chosen as one of the coordinate axes. The
orientation of the other two axes, that is in principle arbitrary, is usually determined to some
extent by the symmetry of the molecule. One or more coordinate transformations are employed to
eliminate or minimise the rotation-torsion coupling. The interactions are then more readily treated
by perturbation theory. Some complications, however, arise because the coordinate system chosen is,
in general, not a principal axis system and the products of inertia do not vanish. As a consequence








+ F (p− P)2 + V (α) (7.19)
where now, adopting an Ir representation, such as we have done for the propane analysis,
P = ρaPa + ρbPb.
In the following treatment of the propane spectra, an IAM based model has been used,
with a specific choice of the orientation of the axis system that is aligned with the a-axis of the
molecule
So far we have seen the theoretical treatment for the internal rotation in single-top molecules.
For Propane, this discussion should be extended to the case of two-top molecules. The theory for
such a molecule has been discussed by various authors and reviewed by Dreizler [172]. As for the
single-top molecules, the splitting of the rotational transitions are sensitive functions of the barrier




(1− cos 3α1) + V32 (1− cos 3α2) + V
′
12 sin 3α1 sin 3α2 + V12 cos 3α1 cos 3α2 + ...(7.20)
Here α1 and α2 specify the torsional angles of the tops, the V12 and V ′12 are the top-top
coupling parameters and V3, the dominant term, is the barrier height.
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7.3 Spectroscopic studies of Propane
Propane (CH3CH2CH3, Fig. 7.2) is an asymmetric top with C2v symmetry [173]. The
dipole moment is small, 0.0848 D [151] but strong enough to observe a rotational spectrum. The
barrier to rotation of the two methyl groups is around 1110 cm−1 [174]. Several of the 27 normal
modes of vibration and combination bands are significantly populated at room temperature and may
also be in “warm” astrophysical objects such as hot cores in star-forming regions. The two lowest
energy modes are torsional in nature and reported [175] at 217(8) cm−1 (ν14, a2) and at 265(8) cm−1
(ν27, b2).
Figure 7.2: Propane molecular structure.
The ground state rotational spectrum of propane was first measured in 1960 by Lide [173].
This study utilized Stark-modulation to measure transitions up to 51 GHz and determined the dipole
moment, the rotational constants for several isotopic species and a substitution structure. The dipole
moment was subsequently remeasured by Muenter and Laurie with greater accuracy using a parallel
plate cell [151]. The microwave spectrum in the first two excited torsional states was first measured
by Scharpen [176] and later analyzed by Hirota, Matsumura and Morino [177]. Later Hoyland [178]
reported SCF calculations which indicated that the internal rotation in propane can be described by
a simple equation involving the angles of rotation of the two methyl groups, the potential energy of
the rotational barrier (V0) and that of the top-top coupling (V1). He re-analysed the work of Hirota
et al. and obtained estimates for V0 and V1. Further analysis was carried out by Trinkaus et al.
[179] as well as Pacansky and Dupuis [180] who calculated an ab initio structure for propane and
suggested that the tilt of the CH3 group be smaller than that determined by Lide.
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Until 1985 only seven transitions up to J = 6 had been measured. Then Bestmann et al.
[174, 181] obtained new Fourier transform - microwave data between 6.4 and 26.5 GHz and source
modulation data between 140 and 300 GHz. They were hence able to obtain quartic and four sextic
centrifugal distortion constants. The lower frequency measurements showed observable torsional
splittings for rotational lines in the ground torsional state.
7.4 Experimental details
Unpurified industrial propane was flowed through the 1 meter cell, at room temperature, to
maintain a pressure of approximately 30 mTorr. The spectrometer system described in the previous
chapters was employed with a series of multiplier chains up to 1.65 THz. Broadband spectra in
the double pass configuration and using toneburst modulation were collected between 600-648 GHz
(Fig.7.3), 1060-1160 GHz, 1167-1198 GHz (Fig.7.4), and 1618-1645 GHz (Fig.7.5). Typically, a
single well-predicted transition was measured with each source to determine the appropriate sample
pressure and modulation depth before performing a full scan.
The spectrum in both the 600 and 1100 GHz regions contain some interfering transitions
of sulfur dioxide from a previous experiment. Only the strongest lines from this species are evident
and these features did not hinder assignment of the propane spectra.
In the 1100 GHz spectra several transitions due to hydrogen cyanide and its vibrational
and isotopic satellite spectra are visible due to impurities present in the propane sample.
Assignments began with a prediction based on the analysis available online on the NIST
webpage [182]. The strong features in the 600-648 GHz range were easily assigned with a semi-rigid
rotor Hamiltonian based on relative strengths and predicted positions. Further assignments of weaker
features and higher frequency transitions were then completed iteratively. Later, the splittings of
ground state transitions at low frequency [174] were included in a full torsion-rotation analysis. Five
hundred and nine unique spectral features in the ground state spectra of propane were assigned up
to Jmax = 76 and Ka(max) = 27 compared with the previous Jmax = 41 and Ka(max) = 11. Similar
spectra of the first two torsionally excited states were also observable in the broadband spectra,
up to Jmax = 43, Ka(max) = 28 and ν27 Jmax = 48, Ka(max) = 28 for ν14 and ν27 respectively;
these states had not previously been assigned past Jmax = 5, Ka(max) = 0. Furthermore, the
torsional sub-state splittings of the excited states were resolved for most transitions throughout the
submillimeter wavelengths. Approximately two-hundred torsional-rotational transitions in each of
these states were measured and assigned.
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Figure 7.3: Propane spectrum acquired with the VDI WR1.2x6 source around 625 GHz.
7.5 Analysis of a double rotor with SPFIT
The spectrum is that of a b type asymmetric top with torsional splitting which when
observed, is generally tightly grouped about the expected semi-rigid rotor predicted frequencies.
When there are several large amplitude vibrational motions for a molecule, it is often inconvenient
to use an internal axis system (IAS). For example, if a molecule has two rotors such as propane, the
IAS for the two rotations will not usually coincide. An alternative is to use the formalism of IAM
with a more convenient axis system. A second simpler alternative is to apply a fixed rotation from
the IAS that is independent of internal rotation coordinates. This new axis system will be called
the rotated internal axis system (RIAS). The solution of the Mathieu equation is identical to the
IAS except that ρa = ρ.
The analysis of the rotational-torsional spectrum was carried out with the SPFIT/SPCAT
program suite [23] and then verified with a previously tested effective Hamiltonian for dual rotors
(ErHam) [183]. Both treatments assume that torsional splitting of the rotational spectrum can be
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Figure 7.4: Propane spectrum acquired with the JPL x12 source around 1.1 THz.
effectively modelled using symmetry adapted Fourier operators. The parameterization is similar to
that detailed by Groner [184] in that Fourier series in energy and rotational parameters are utilised
for fitting experimental data and that the periodic Hamiltonian terms originate from solutions to
the Mathieu equation that describes the threefold barriers to hindered internal rotation.
[
Σi=1,2(Fi(pα,i − ρa,iPa − ρb,iPb)2 − 12V0,i(1− cos3αi))
]
ψ = Eψ (7.21)
Fi are the reduced rotational constants of each top, Pa and Pb are the projections of the
molecular rotation onto the internal axes, pα,i are the angular momenta of each top and ρa,i, ρb,i are
the projections of the top axes onto the internal axes. The barrier heights V0,i define the threefold
potentials of the periodic torsional coordinates αi.
In order to describe the Hamiltonian within the input framework of SPFIT, the symmetric dual
rotor formalism (eqn. 7.21) in the Ir representation has been conveniently truncated (eqn. 7.22)
within a rotated internal axis system [185].
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Figure 7.5: Propane spectrum acquired with the JPL x18 source above 1.6 THz.
Use of a RIAS that is aligned with the a−axis of the molecule simplifies the Hamiltonian by treating
only the projections of the top momenta onto this axis.
[2F (pα − ρaPa)2 − 2ρ2bP 2b − V0(1− cos3α)]Ψ = EΨ (7.22)
In eqn. 7.22 the tops have been assumed to be equal, and first order cross terms with ρbPb
have been ignored. Retention of terms coupling ρaPa and the projected momentum, pα, indicates
the choice of the a−axis for the RIAS and results in periodic solutions for the Mathieu equation
that are parameterized by pure energy Fourier series in ρaKavg as well as Fourier series in ρaKavg
that expand the rotational operators P 2b − P 2c and Pa. The second term in eqn. 7.22 does not
have a periodic K-dependence and thus is absorbed into small offsets of the rotational parameters.
Thus the ρ value utilized for the SPFIT parameterization is effectively ρa, and the component ρb,
as well as the magnitude of ρ are not determined. The implications of the RIAS choice for SPFIT
are evident in comparisons of the two spectral analyses and will be discussed.
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The formalism of the IAS in Groner [184] retains the individual top quanta, K1 and K2,
for the energy calculation. This method allows full determination of the ρ vector (Ref [184] fits
magnitude and angle with the a-axis) as well as more straightforward treatment of some inter-
torsional terms.
Top-top interactions, periodic structural deformations and interactions with other vibra-
tional states are treated as perturbations using Fourier series in the rotation operators. Only Fourier
expansions in energy, quadratic angular momentum and quartic angular momentum have been nec-
essary for this relatively high-barrier problem. The required number and magnitude of the Fourier
terms increases with proximity to the barrier, but all of the states fit to near experimental precision
once an appropriate number of terms are fitted.
For each rotational operator a periodic operator can be added to account for periodicity in
the torsional potential. The torsional substates are enumerated with a symmetry number for each
top σ1 and σ2, where σi = 0, 1, 2. Combinations of σ1 and σ2, (σ1,σ2) = (0,0) correspond to the
conventional AA notation for one of the torsional substates. The combinations (0,1), (0,2) and (1,1),
(2,2) are each equivalent and correspond to the EE and EA substates, respectively. Finally, (1,2)
corresponds to the AE substate. Symmetry in this system requires that each torsional operator has
a fixed relationship between the torsional substates given by the equation:











(q′σ1 + qσ2 − (q′ + q)ρK)
]
(7.23)





q(σ1 − σ2 − 2qρK)
]
(7.24)
Equations 7.23 and 7.24 show the form of Fourier series coefficients, for even angular
momenta, in an equivalent two-top problem, note thatKavg = (K ′+K)/2 has been simplified to K.
A Fourier series for a given parameter/operator follows a strict symmetry that determines coefficients
of the term for each torsional substate. The equivalent methyl rotors give a 3-fold symmetry (n =
3) to the parameters. The similarities of these pairs and their complements (where σ1 ⇔ σ2) can
be verified through substitution in eqn. 7.23. Integer values of q and q′ determine the order of the
Fourier series, and give the fixed ratios between substate terms. For a symmetric dual rotor such
as propane, complements of q and q′ are redundant, i.e. q ⇔ q′, and q = q′ = 0 will simply return
a non-periodic parameter that is equivalent to a rotational parameter. Transforming the terms by
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q, q′ AA EE EA AE ErHam*
- 1 1 1 1 ρa
910099 910099 910099 910099
0,0 1 1 1 1 Σo
00 11 33 55
1,0 cos(2χ) + 14cos(2χ) − 12cos(2χ) − 12cos(2χ) 4/10
+
√
( 316 )cos(2χ) +
√
( 34 )cos(2χ) 4T
mkj
10
10000mkj00 −10000mkj11 −10000mkj33 −10000mkj55
−110000mkj11 −110000mkj33
2,0 cos(4χ) + 14cos(4χ) − 12cos(4χ) − 12cos(4χ) 4/20
−√( 316 )cos(4χ) −√( 34 )cos(4χ) 4Tmkj20
20000mkj00 −20000mkj11 −20000mkj33 −20000mkj55
−120000mkj11 −120000mkj33





( 34 )cos(4χ) −
√
( 34 )cos(4χ) 4T
mkj
1−1
20000mkj00 −20000mkj11 −20000mkj33 −20000mkj55
−120000mkj11 −120000mkj33
3,0 cos(6χ) cos(6χ) cos(6χ) cos(6χ) 4/30
30000mkj00 −30000mkj11 −30000mkj33 −30000mkj55 4Tmkj30
Table 7.1: Fourier Series Coefficients and SPFIT formalism. χ = piρKavg/3
* In ErHam pure energy terms (m = 0, k = 0, j = 0) are explicitly defined in an IAS basis and are designated as
$q,q′ , the torsional-rotational terms, Tq,q′ are analogous to the SPFIT definition.
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removing the phase factors given by the σi gives the state dependent Fourier coefficients listed in
Table 7.1.
Following this transformation the substate specific periodic terms are simply parameterized
by ρKavg. Symmetry allows cosine terms for all substates, but the EE and EA substates have sine
terms as well. The presence of sinusoidal terms is what generally requires a simultaneous fit to
the problem, since data sets are inherently finite in K and the intra-state components of Fourier
parameters will be correlated. Furthermore, the mixing character of the sinusoidal terms naturally
allows c− type transitions to occur within these states.
Each row designated with a q, q′ pair in Table 7.1 represents one set of coefficients to
use in a torsional parameter. In SPFIT these are defined through linkage of successive parameter
entries (a sine or cosine term for each substate). The connected series allows the different operators
designated for each substate to be determined as one single operator with the appropriate symmetry.
The coefficients of each of the Fourier operators correspond to the state-specific σn values which have
been extracted from the transcendental operator using trigonometric identities. These coefficients are
cosines and sines of the rotation angles 0, pi/3, and 2pi/3. The four torsional substates are assigned
six vibrational state identifiers within SPFIT, two non-degenerate states; v = 0 (AA) and v = 5
(AE) and two l−doubled states; v = 1,2 (EE) and v = 3,4 (EA). The l−doubling basis implicitly
assigns symmetry relations between operators in the two paired levels, such that operators with even
symmetry are directly copied for each state and those with odd symmetry are assumed to be real and
multiplied by the sign of l. With an l doubled basis for each pair of states (v = 1,2 or 3,4) it is only
necessary to define the operators of the first state, such that no terms for states 2 or 4 are explicitly
defined in the parameter input. SPFIT format operator IDs are given in Table 7.1 beneath each
Fourier coefficient to clarify which terms are fitted together, i.e. the mkj values determine which
rotational operator is expanded. The operator/parameter IDs have been generically defined in eqn.
7.25 using m, k, and j, such that positive integers define the usual reduced rotational Hamiltonian
operators (e.g. m = 0, k = 1, j = 1 represents −DJK).






Additional integers in the 10th or 11th fields of the SPFIT/SPCAT IDs define powers of
cos(ρKavg) or sin(ρKavg), respectively. Finally, the negative signs (of successive input parameters)
tie the ratios of the substate terms to that of the initial, unsigned, term (usually the AA parameter
ID). This process completes the symmetry adaptation of the Fourier operator. For the q = 0, 3; q′
= 0 terms, the fixed ratios are all unity and therefore these terms can be conveniently formed as
mkj99 or 30000mkj99, using the v = v′ = 9 option in SPFIT that forces each of the parameters to
effect all vibrational states.
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Tables 7.2-7.4 show the Hamiltonian operators and their fitted parameter values for each
state. The Fourier series parameter names are labelled with subscripts denoting q, q′ as given in
Table 7.1, for the pure rotation terms (q = q′ = 0) the subscript is dropped. For the energy, m = k
= j = 0 this ‘pure’ Fourier term represents the torsional splitting of the J = 0 level. A total energy
term, fixed to be equivalent to the negative of the AA energy term, assures that the minimum energy
will be zero. In the ground state, only the Fourier series of the energy and of the j = 1 operator are
determinable.
Operator ID Parametera SPFIT ErHam Units
910099 ρ 0.1511b 0.15611(55)
β 0.0 8.68(23) o
10099 A 29207.46703(44) 29207.46449(59) MHz
20099 B 8445.968574(142) 8445.968098(194) MHz
30099 C 7459.003063(148) 7459.003026(202) MHz
1000000000 4/10 -1.5278(74) -1.4727(10) MHz
1000000100 4(B+C2 )10 1.140(33) - kHz
299 −∆J -7.201790(144) -7.201377(197) kHz
1199 −∆JK 0.02697583(56) 0.02697966(67) MHz
2099 −∆K -0.15963112(272) -0.15959173(270) MHz
40199 −δJ -1.396774(38) -1.396750(51) kHz
41099 −δK -3.10346(314) -3.10017(428) kHz
399 ΦJ 8.260(53) 8.153(72) mHz
1299 ΦJK 0.01557(134) 0.01460(182) Hz
2199 ΦKJ -1.2207(49) -1.2033(66) Hz
3099 ΦK 3.4401(65) 3.3293(49) Hz
40299 φJ 3.5915(95) 3.5886(129) mHz
41199 φJK 0.04131(73) 0.04077(100) Hz
42099 φK -0.077(40) -0.104(54) Hz
499 LJ -0.0213(56) -0.0133(76) µHz
3199 LJKKK 0.01410(146) 0.0025(18) mHz
4099 LK -0.0787(40) 0.0215(72) mHz
RMS 0.055 - MHz
σred 1.11 1.36
Table 7.2: Propane (a1) ground state parameters. Each fit was to 509 measured frequencies. Parameter uncertainties
(see text) are listed in parenthesis following each value, and are in units of the last significant digit.
a Numerical subscripts indicate the q, q′ of torsional parameters for which only the AA term is listed.
b SPFIT value is ρa.
Tables 7.3 and 7.4 list the torsion-rotational operators, their fitted parameters, as well
as the more extensive Fourier series operator and parameter values determined for the torsionally
excited states. Rotational parameters with q > 0 are all small compared to the pure rotation terms,
with this relative magnitude decreasing with the order of the rotational parameter.
Intensity weights for ErHam were transferred directly from the same assignments for SP-
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Operator ID Parametera SPFIT ErHam Units
910099 ρ 0.1511b 0.15410(13)
β 0.0 11.41(14) o
10099 A 29168.78475(126) 29168.77855(215) MHz
20099 B 8432.38978(202) 8432.39292(331) MHz
30099 C 7449.48233(149) 7449.48331(240) MHz
1000000000 4/10 43.318(142) 43.045(160) MHz
1000000100 4(B+C2 )10 -42.15(46) 3.08(76) kHz
1000001000 4(A− B+C2 )10 37.54(76) -6.70(89) kHz
1000040000 4(B−C4 )10 -15.21(48) 2.32(80) kHz
2000000000 4/20 -60.8(289) - kHz
299 −∆J -7.19221(172) -7.19481(280) kHz
1199 −∆JK 0.0267428(57) 0.0267519(93) MHz
2099 −∆K -0.1593185(50) -0.1592825(85) MHz
40199 −δJ -1.38400(101) -1.38365(169) kHz
41099 −δK -0.792(35) -0.889(57) kHz
399 ΦJ 11.44(69) 12.03(113) mHz
1299 ΦJK -2.80(210) 1.88(333) mHz
2199 ΦKJ -1.2044(80) -1.2257(134) Hz
3099 ΦK 3.4106(82) 3.3356(138) Hz
40299 φJ 5.14(47) 5.30(79) mHz
1000000200 −4∆J10 5.33(48) - Hz
1000001100 −4∆JK10 7.92(189) - Hz
1000002000 −4∆K10 -15.46(140) - Hz
1000040100 −4δJ10 4.04(53) -3.17(72) Hz
1000041000 −4δK10 -0.1384(55) - kHz
RMS 0.120 - MHz
σred 1.57 1.67
Table 7.3: Propane ν14 torsional state parameters. Each fit was to 192 measured frequencies. Parameter uncertainties
(see text) are listed in parenthesis following each value, and are in units of the last significant digit, φJK ,φK , LJ ,
LJKKK and LK were fixed at corresponding values in Table 7.2.
a Numerical subscripts indicate the q, q′ of torsional parameters for which only the AA term is listed.
b SPFIT value is ρa.









Figure 7.6: Propane ν14, 1111,x ← 1010,x, x = 0, 1, torsional splitting pattern.
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FIT. Both programs fit the data well. The ErHam program does not report rms of the fitted data
because the least-squares analysis is performed on the weighted data and the reduced rms (σred) is
thus the best indication of a good fit. SPFIT reduces the weighted residuals and reports σred as
well, but also keeps track of the residual (in MHz) of an intensity weighted blend, thus the reported
rms values for the SPFIT analyses reflect the unweighted residuals of single and blended lines. The
uncertainties given in Tables 7.2-7.4 are those given by each program. In the case of ErHam, these
uncertainties incorporate the σred values, in the case of SPFIT, this factor must be applied to obtain
“standard” uncertainties.
Operator ID Parametera SPFIT ErHam Units
910099 ρ 0.1511b 0.15389(16)
β 0.0 12.26(23) o
10099 A 29090.84602(241) 29090.84360(295) MHz
20099 B 8415.2354(35) 8415.2361(40) MHz
30099 C 7445.8073(33) 7445.8011(39) MHz
1000000000 4/10 51.104(304) 51.503(285) MHz
1000000100 4(B+C2 )10 -48.77(107) 8.63(144) kHz
1000001000 4(A− B+C2 )10 44.31(85) -13.28(184) kHz
1000040000 4(B−C4 )10 -18.33(188) 9.72(270) kHz
1000000000 4/1−1 78.(38) - kHz
2000000000 4/20 -195.(64) - kHz
299 −∆J -7.01839(290) -7.01688(348) kHz
1199 −∆JK 0.0245034(85) 0.0245229(102) MHz
2099 −∆K -0.1383192(93) -0.1383168(118) MHz
40199 −δJ -1.35808(90) -1.35670(106) kHz
41099 −δK 0.872(48) -0.552(62) kHz
399 ΦJ 7.76(95) 6.71(115) mHz
1299 ΦJK 13.2(43) 4.18(508) mHz
2199 ΦKJ -1.3016(99) -1.2691(114) Hz
3099 ΦK 1.1972(94) 1.0901(110) Hz
1000000200 −4∆J10 5.39(87) - Hz
1000040100 −4δJ10 5.93(183) -10.2(26) Hz
1000041000 −4δK10 -153.2(103) - Hz
RMS 0.205 - MHz
σred 3.67 3.53
Table 7.4: Propane ν27 torsional state parameters. Each fit was to 202 measured frequencies. Parameter uncertainties
(see text) are listed in parenthesis following each value, and are in units of the last significant digit, φJ ,φJK ,φK , LJ ,
LJKKK and LK were fixed at corresponding values in Table 7.2, similarly −4∆JK10 and −4∆K10 were fixed at
values in Table 7.3.
a Numerical subscripts indicate the q, q′ of torsional parameters for which only the AA term is listed.
b SPFIT value is ρa.
Chapter 7: Propane: a double internal rotor 123
7.6 Discussion
In the ground state the parameter values determined from each analysis follow each other
tightly. Only the smallest terms (at eighth order) differ outside the last few significant digits. An
extensive set of distortion constants is not unusual for the large range of JKa,Kc covered in the
present study. The fit is essentially a semi-rigid asymmetric top extension of previously reported
Hamiltonians for the propane ground-state given that all new transitions had completely unresolved
torsional substate contributions. However, the previous studies [174, 181] analyzed the torsional
splittings and the asymmetric top centrifugal distortion separately and this work has combined
these analyses into a single framework.
Some of the parameters show notable torsional dependence. Both analyses show nearly
identical values for δK of -3.1 kHz for the ground state and then the values increase by 2.4 kHz
(SPFIT) and 2.2 kHz (ErHam) for the ν14 state and another 1.7 kHz (SPFIT) and 0.5 kHz (ErHam)
for the ν27 state. The φJK constant is mostly indeterminate in the two excited states, but fixing it
at the ground state value (as is done for other indeterminate parameters) makes the fits significantly
worse - this implies significant torsional dependence for this parameter. Other distortion constants
show little or no torsional dependence.
For the excited states the similar σred values for both fits to each state indicate that
either both models are similarly inadequate or that experimental precision is overestimated, or
both. The difficulties of adequately measuring center frequencies of blended lines and subsequently
fitting groups of blended transitions favor the latter statement, as well as the fact that both models
are well behaved upon systematic reduction of the effective barrier. The frequency measurement
difficulty is not considered prohibitive since simulations of blended patterns, such as that shown
in Fig. 7.6, which are based on model prediction, unambiguously demonstrate the validity of the
assignments. Furthermore, the model contains “normal” asymmetric top Hamiltonian parameters
that show good convergence to higher order and are required only as the data set is increased.
Finally, correlative behavior in the determinable tunnelling parameters for the ground, ν14 and ν27
states can be seen by inspection of Tables 7.3 and 7.4. This correlative behavior can be described
as a monotonic increase in each tunnelling parameter value as the state increases in energy and
approaches the barrier. When comparing ground and excited state fits it is important to remember
that high precision measurements of the low J transitions in the ground state [174] were not reported
for these two torsionally excited states. This explains the lack of precision in /10 for the higher states,
higher order terms are determined from the higher J transitions which do not show splittings for
the ground state.
The similarities of the models are reflected in the similar values obtained for ρ and /10. For
the ground state, with a barrier height of over 1100 cm−1, the models are nearly identical, with the
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exception that (B+C2 )10 is indeterminate with ErHam and is important in SPFIT. The similarities
rapidly deteriorate upon comparison of higher order parameters that are more important in the
ν14 and ν27 torsional states which have effective barriers near 900 and 800 cm−1, respectively.
The larger magnitude and higher precision of the rotational-tunnelling parameters obtained in the
SPFIT analysis is believed to be an indicator of the missing b-axis coupling, these effects being
effectively fit as a perturbation rather than part of the first-order model. Likewise, there are many
more determinable tunnelling parameters in the SPFIT analysis. Each of the tunnelling parameters
determined by SPFIT was tested in ErHam and the ErHam analysis did not improve significantly.
SPCAT has been utilized for generation of the JPL millimeter and submillimeter spectral
line catalog, and as such, has become a benchmark for many spectroscopic fitting routines. Groner’s
dual-rotor symmetry adapted Fourier series Hamiltonian was developed for a specific class of prob-
lems. Unlike SPFIT/SPCAT, which has been employed for general purpose usage. Our work has
been also an attempt to critically evaluate the two programs with a high quality, robust data set.
The resulting comparison reveals that the more complicated model of ErHam is more effective for
treating this high barrier dual-hindered rotor with a minimal set of parameters. However, an equally
well fitted/predicted model is representable within SPFIT/SPCAT through expansion of Pickett’s
RIAS model. This result allows a new class of molecules to be rendered into the JPL catalog.
Often in the past, as for propane, rotational spectra have only been measured at lower
frequencies since available technology made working at frequencies above about 500 GHz very diffi-
cult. Even after careful fitting, extrapolating predictions to higher frequencies and larger quantum
numbers results in errors due to effects of previously indetermined high-order constants that are
fixed to zero. Examples are given in Table 7.5 where several new measurements around 600 GHz,
1.2 THz and 1.6 THz are compared with predictions from the previous measurements.
For example, for propane a prediction of the 1919,1 ← 1818,0 transition near 1.1 THz (which
should be one of the strongest lines in this frequency range) using only previously measured data
was off by 20 MHz. The database listing for propane has been significantly improved. In an effort for
completeness the three states studied have been compiled into one listing. This listing is available
on the JPL website and has been prepared using the SPFIT analyses described here. The catalog
contains predictions merged with measurements with the prediction including energies extrapolated
to J < 99. The dipole moment of Muenter and Laurie [151] was utilized for all three states. THz
transitions due to the ν27 − ν14 difference band have not been assigned in the spectrum and are
therefore not included in the compilation, but these transitions could be the dominant features of
the propane spectrum above 1.6 THz.
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J ′K′a,K′c JKa,Kc Measured Predicted Error Fit Residual
————————-600 GHz———————–
1515,0 1514,1 614464.340 614469.665 5.325 614464.322 -0.018
1211,1 1110,2 636595.036 636595.749 0.713 636595.046 0.010
5515,41 5514,42 607800.616 607801.148 0.532 607800.601 -0.016
6416,48 6415,49 646590.450 646591.041 0.591 646590.444 -0.006
————————1100 GHz———————–
1919,1 1818,0 1085130.488 1085150.428 19.940 1085130.421 -0.067
2019,2 1918,1 1101069.644 1101089.376 19.732 1101069.606 -0.038
4826,22 4825,23 1075531.995 1075626.905 94.910 1075531.954 -0.041
704,66 695,65 1078906.100 1078841.503 -64.597 1078906.156 0.055
————————1600 GHz———————–
2928,1 2827,2 1618925.313 1619090.440 165.127 1618925.331 0.018
3028,3 2927,2 1634887.191 1635051.036 163.845 1634887.165 -0.025
4821,28 4720,27 1629625.720 1629640.403 14.683 1629625.909 0.188
6116,45 6015,46 1618890.515 1618860.420 -30.097 1618890.598 0.082
Table 7.5: Comparison of predicted, measured and fitted frequencies of propane for selected transitions. Predicted




In this chapter we describe an extension of the work focused on extragalactic goals and
more precisely for cosmological studies.
In the first part of this chapter we will show the theoretical models that can be questioned by the
study of molecular properties at high redshift. In the second part we will present an instrument,
which, among its goals, has the measurements of these properties and that has been developed by
the radioastronomy group in Milan, in collaboration with the Experimental Cosmology group in
Rome and the Observatory of Arcetri, Florence.
8.1 Standard Model and alternative cosmologies
The very hard task of this section is to give in a schematic way the information concerned
the standard cosmology model, highlighting its successes and pointing out its weaknesses that gave
rise to alternative cosmology models.
8.1.1 The framework of Standard Cosmology
All the well-developed models of standard cosmology start with two basic assumptions:
1. The large scale structure of the universe is essentially determined by gravitational interactions
and hence can be described by Einstein’s theory of gravity. This assumption implies that the
geometry of the universe is described by the Einstein field equations, a set of equations that
relate the space-time geometry to the properties of the cosmic fluid:
126
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where Rµν and R are the Ricci tensor and scalar respectively, gµν is the metric tensor, G the
gravitational constant and Tµν the energy-momentum tensor of any matter which is present
acting as a source. In square brackets the contribution of the, still questionable, gravitational
constant is also shown .
2. The distribution of the matter in the universe is homogeneous and isotropic at sufficiently large
scales, and the necessary scale at which such a smoothness is observed can be self-consistently
determined by the model.
This second assumption shows that the large-scale geometry can be described by a Friedmann-
Robertson-Walker (FRW) metric of the form:
ds2 = c2dt2 − a2(t)
[
dr2
1− kr2 + r
2(dθ2 + sin2 θdφ2)
]
(8.2)
where r, θ and φ are the comoving coordinates1, k = 0,±1 is the curvature parameter corre-
sponding to three possible spatial geometries (flat, spherical and hyperbolic) and a(t) is the
scale factor, taking into account the expansion rate of the universe.
In order to satisfy Einstein’s equations with such a metric the energy-momentum tensor
must have the form:
Tµν = diag[c
2ρ(t),−P (t),−P (t),−P (t)] (8.3)
where ρ is the energy density of the cosmic fluid and P its pressure. Hereafter we will use
units with c = 1. It can be shown that, given the above energy-momentum tensor, the matter and
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These two equations are the Friedmann equations and connect three unknown functions,
ρ(t), P (t) and a(t). The system is closed by providing information about the source in the form of
an equation of state connecting ρ and P . This point is crucial: absolutely no progress in cosmology
can be made until a relationship between these two quantities is provided [186].
Then, if we assume that the source is made of normal laboratory matter, then the relationship be-
tween ρ and P depends on our knowledge of how the equation of state for matter behaves at different
energy scales. This information needs to be provided by atomic, nuclear and particle physics. In
general, the equation of state for normal matter can be taken conforming to the fluidity principle:
the universe is filled by one or more ideal fluids, meaning that they have no viscosity or heat flow and
are governed by a simple equation of state. If fluids are barotropic (a subcategory of ideal fluids),
characterised by the fact that the pressure is a function of density alone, then the equation of state
is of the form P = wρ with w a parameter that is 0 for non-relativistic matter and 1/3 for relativistic
matter and radiation. This situation becomes more complicated when we realise that it is entirely
possible for the large-scale universe to be dominated by matter whose presence is undetectable at
laboratory scale.
Solving the Friedmann equations 8.4 for the equations of state of each kind of source we can sum-
marise some specific evolution of the density in the universe as a function of the scale factor a for
different values of the state parameter w (Table 8.1).
Evolution of the energy density
State Parameter w Source Density
0 non-relativistic ρM = ρM0(a0/a)3
1/3 radiation ρR = ρR0(a0/a)4
-1 Λ-term ρΛ = constant
Table 8.1: Different values of the state parameter and related evolution of the energy density as a function of the
scale factor. For simplicity the curvature parameter has been assumed zero.
Since Einstein’s equations are second-order differential equations, a unique solution requires
specifications of a and a˙ at some instant of time, which usually is taken as the current epoch t = t0.
Instead of specifying the scale factor it is more convenient to provide the value of the Hubble constant
H0 (defined as the Hubble parameter H(t) = a˙/a at its present value) and the energy density at the
present epoch ρ0. From the Friedmann equation it is natural to define a special value of the density
which would be required to make the geometry of the universe flat (k = 0). This is known as the
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It’s worth noticing that the critical density changes with time, since H does, setting a
natural scale for the density of the universe. Consequently, rather than quote the density of the
universe directly, it is often useful to quote its relative value to the critical density. This dimensionless





It is clear from Einstein’s equations that Ω0 is greater than, equal to, or less than one if
k = +1, 0,−1 respectively; thus Ω0 has a direct bearing on the spatial geometry of the universe. It is
therefore not surprising that two of the “holy grails” of observational cosmology are the parameters
H0 and Ω0. The former is directly related to the rate of change of the scale factor in the universe,
while the latter depends on the total amount of energy density in the universe that drives the expan-
sion and could contain contributions from esoteric forms of matter not yet detected in laboratory.
Because of this, Ω0 is often split by type, as related to baryons (ΩB), radiation (ΩR), dark matter
(ΩDM ), or the cosmological constant (ΩΛ).
Observations indicate that, in addition to H0, these four more free parameters are required to de-
scribe the background universe at energies below 50 GeV (a limit provided by high energy physics).
The first two certainly exist; the existence of last two is probably suggested by observations and is
definitely not contradicted by any observations. Hence the background universe in standard cos-
mology should be taken as a five-parameter model. The evolution of a smooth universe in standard
cosmology is characterised by two important epochs:
1. The first is the radiation dominated epoch that occurs at redshifts greater than zeq ≈ (ΩDM/ΩR) ≈
104. For z " zeq, the energy density is dominated by hot relativistic matter, and the universe
is very well approximated as a k = 0 model with a(t) ∝ t1/2.
2. The second phase occurs for z 3 zeq, in which the universe is dominated by matter and -
in some cases - by the cosmological constant. The form of a(t) in this phase depends on the
relative values of ΩDM and ΩΛ.
Standard cosmology introduces a hot, radiation dominated phase in the early universe
with a high photon-to-baryon ratio. Because these photons decouple from matter when T ≈ 103K,
a cosmic background of radiation with a Planck spectrum in the present-day universe is expected.
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and hence T ·a(t) = T0 ·a0(t) = constant, or, defining the redshift z as 1+ z = a(t2)/a(t1):
TCMB(z) = TCMB,0(1 + z) (8.9)
where the radiation is defined as cosmic microwave background (CMB) since this is the
region of the electromagnetic spectrum in which the radiation can be observed due to the redshift
effect.
8.2 TCMB in non-standard models
The present CMB temperature has been precisely measured by the COBE-FIRAS satellite
experiment, and fixed to TCMB(0) = 2.725± 0.002K [188].
Figure 8.1: Cosmic microwave background radiation spectrum measured by FIRAS experiment on COBE satellite,
and by other experiments [189].
FIRAS measurements essentially have ruled out all cosmological models in which the
present CMB spectrum is expected as distorted from a Planckian one.
Models with a pure blackbody spectrum but with a different TCMB(z) dependence than in the
standard cosmology (eqn. 8.9) are, however, unconstrained by the FIRAS measurements. Also
unconstrained are models with spectral distortions that are now negligible, but were appreciable in
the past. A specific example is the relation [187]:
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TCMB(z) = TCMB(0)(1 + z)1−a (8.10)
where a is a constant parameter of the theory and 0 ≤ a ≤ 1. In their model, Lima and co-
authors assume an adiabatic photon creation which takes places for instance because of a continuos
decaying vacuum energy density or some alternative mechanisms of quantum gravitational origin,
and find the connection between the intensity of these effects and the parameter a.
Another functional form which seems also to be of some theoretical interest is described by LoSecco,
Mathews & Wang [190] and can be summarised by the relation:
TCMB(z) = TCMB(0)[1 + (1 + d)z] (8.11)
More generally, models in which ratios of some of the fundamental constants vary often
over cosmological time are also of considerable interest. In general relativity, Einstein postulated
that the laws of local physics, and notably the values of all the dimensionless coupling constants
(e2/!c, me/mp, etc.) must be kept rigidly fixed. Recently, observations of the spectra of distant
quasars seem to indicate that the fine structure constant of quantum electrodynamics is slowly in-
creasing over a cosmological time scale [191]. Many theoretical motivations have been proposed
to explain this variation: in extra-dimensional theories such as Kaluza-Klein and string theories,
the true constants are defined in full higher dimensional theory so that the effective 4-dimensional
constants depend, among other things, on the structure and sizes of extra-dimensions (for recent
reviews, Landau & Vucetich [192], Uzan [193]). Models with varying speed of light (Ellis & Uzan
[194]) have been proposed in the past as possible alternatives to the inflationary model in order to
solve standard cosmological problems. These theories predict modifications of the main features of
the CMB from the standard cosmology predictions, such as modification of the ratio h/kBc which
would affect the absolute CMB temperature TCMB(z). Hence, a precise determination of the cos-
mic background radiation temperature would allow a constraint to be put on the variation of the
fundamental constants over cosmological time scales thus giving important information about the
previously cited alternative theories or other exotic cosmologies.
Keeping all this in mind, we want now to focus on the derivation of the temperature of the
cosmic background radiation at different redshifts through molecular clouds.
An alternative observational approach to measure the CMB temperature in clusters of galaxies is
of using the information in the spectrum of Sunyaev-Zel’dovich effect [195] as suggested almost 30
years ago [196] but only recently applied: the first measurements has been reported by Battistelli et
al. [197].
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8.2.1 Cosmic thermometer: CMB temperature from molecular absorp-
tion
A measurement of the local absolute cosmic radiation temperature outside the solar sys-
tem has been proposed a long time ago, shortly after the CMB discovery [198], [199]. The method
consists in measuring the relative strengths of the absorption transition at 387.40 nm and at 387.46
nm of CN in interstellar molecular clouds. Comparing thus the volumetric densities of molecules
populated in the low lying excited energy levels and in the ground state, one can constrain the
mechanism causing the excitation. The lower level of this transition is the J = 1 rotational level of
the electronic-vibration ground state which is 3.80 cm−1 above the J = 0 level. This excitation is
due, among other mechanisms, to the CMB. The most recent measurements of interstellar cyanogen
absorption yield TCMB(0) = (2.725± 0.002)K [188].
It has also been shown that similar measurements are possible through the detection of lines con-
nected to rotational molecular transitions and atomic fine-structure transition thermally excited by
the cosmic background radiation at high redshift in systems along the line of sight of higher redshift
quasars. This method was first pioneered by Bahcall & Wolf in 1968 [200] who used CII excitation
due to absorption along the line of sight of the quasar at z=2.69 PHL-957 to obtain an upper limit
of TCMB(z = 2.309) < 45K.
More recent investigations have been based upon fine structure levels of C0, CI and O0. The ground
state of the carbon atom C0 is comprised of the 2s22p23P e0,1,2 triplet levels. The energies of the
fine-structure excited levels relative to the ground level correspond to 16.49 cm−1 and 43.40 cm−1.
The CMB will be an important excitation mechanism for the first excited 3P e1 level, because it is
so closely separated from the ground level. Assuming a standard cosmology temperature-redshift
relation, the CMB spectrum will peak at the first excited level frequency at a redshift z ∼ 2. The
ground state of the CI ion consists of the 2s22p2P o1/2,3/2 doublet levels. The energy of the fine-
structure excited level relative to the ground state is 63.42 cm−1. Due to the fact that the energy
gap of these levels is more than those of CI , the CMB will play a significant role only at higher
redshift. In the oxygen atom, O0, the ground state is comprised of the 2s22p43P e2,1,0 triplet levels
separated from the ground state by 158.265 cm−1 and 226.977 cm−1.
As already stated, this method allows us to derive excitation temperatures and thereby
to constrain the temperature of the CMB photons using the population ratios of the fine-structure
levels for different absorption systems.
Silva & Viegas [201] have found simple relations for C0 and CI :











where nu and nl are the populations of the upper and lower state involved in the transition.
It should be remembered that in a complex interstellar medium system, transitions may,
in a general case, be induced mainly by collisions and depend, in any case, on the various excitation
processes. Volumetric densities, in fact, also depend on the conditions of the physical medium,
ionisation, spontaneous decay, fluorescence, UV emission by the galaxy and, especially, collision
with other atoms and molecules. A precise measurement of CMB absolute temperature using UV
emission is thus linked to a precise knowledge of the physical condition of the observed cloud. Due
to those “contaminants” in several cases, only upper limits of the TCMB(z), which acts as radiative
excitation, can be set.
In diffuse regions, collisional excitation is not so efficient and radiative excitation dominates. The
excitation temperature is hence close or equal to the background temperature. The direct detection
of millimetric transitions in diffuse regions thus represents a valid tool to infer the background tem-
perature for at least two reasons. Firstly, it can be performed in the direction of regions where the
CMB is the main excitation effect. Secondly, it is a direct measurement more easily performed from
the ground at mm wavelengths than UV observations. Furthermore in this kind of observations,
many molecular lines are necessary to be detected to confirm the process.
In a more practical way, we can define the excitation temperature Tex, as the quantity that
characterises the ratio between the Maxwellian populations of two rotational levels nl and nu (lower











where the g’s are the statistical weights (gJ = 2J+1) and hνul the energy difference between
the two states of the transition. Using the rotational partition function Z =
∑
J gJexp(−EJ/kTex)
we can define (in a similar way as in Annex A) the total column density of a molecule M in LTE








where Aul is the Einstein coefficient. The quantity
∫
τνdv represents the velocity integrated
optical depth, that can usually be well approximated by τ∆v1/2, where τ is the value at the centre
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Figure 8.2: Scaling with redshift of the lower twenty rotational transitions of carbon monoxide (assuming a standard
cosmology model) and a schematic representation of the three MASTER channel windows.
of the line and ∆v1/2 is the linewidth at half power (Gaussian profile). It is worth highlighting that
the integrated optical depth [kms−1] is the observationally measured quantity. In the hypothesis
that we are able to find two adjacent rotational transitions (see for example Fig. 8.2) J → J + 1














There are still only 5 molecular absorbing systems detected at high redshift: PKS1413+135
and B3 1504+377, which are self-absorbing systems, and 3 gravitational lens systems B0218+357,
PKS1830-211, PMN J0134-0931 (with OH only). Table 8.2 summarises the properties of these
systems together with a few local extra-galactic ones.
With respect to emission, absorption measurements are quite sensitive even to a small
amount of molecular gas along the line of sight. The detection depends mainly on the background
source intensity, and the rarity of the detection so far is due to that of finding strong millimetre radio
sources (Fig. 8.3). One explanation is that the expected high column density obscures the back-
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Review of molecular absorbers at radio waves
Source z1a z2e N3c N(H2)4 ∆V5 Molecules
cm−2 km/s
Cen-A 0.0018 0.0018 17 2.0 1020 80. CO, HCN, HCO+, N2H+, CS...
3C 293 0.045 0.045 3 1.5 1019 40. CO, HCN, HCO+
4C 31.04 0.06 0.06 2 1.0 1019 120. CO, HCN, HCO+
PKS1413+135 0.247 0.247 2 4.6 1020 2. CO, HCN, HCO+, HNC
B3 1504+377 0.673 0.673 2 1.2 1021 75. CO, HCN, HCO+, HNC
B 0218+357 0.685 0.94 1 4.0 1023 20. CO, HCN, HCO+, H2O, NH3, H2CO
PMN J0134-0931 0.765 2.22 3 – 100. OH
PKS1830-211 0.885 2.51 2 4.0 1022 40. CO, HCN, HCO+, N2H+, CS...
Table 8.2: Brief census of molecular absorbers in radio waves from Combes 2007 [202]:
1 redshift of absorption lines;
2 redshift of background continuum source;
3 number of components in absorption in the source;
4 maximum H2 column density over components;
5 maximum velocity width.
ground quasars, introducing a strong bias against the optical detection of these remote sources [202].
The study of molecular absorbers at high z allows to several goals to be attained:
• to detect molecules at high redshift with much more sensitivity than with emission and with
complementary insight;
• to study the evolution with z of chemical abundances: not only CO lines are detectable, but
molecular surveys are possible;
• to measure the CMB temperature as a function of z, to independently estimate the Hubble
constant, through CMB temperature determination [187];
• to probe the variation of fundamental constants (α, gp, me/mp)
So far, TCMB(z) has been determined mainly from measurements of UV interstellar clouds.
As reviewed by LoSecco and co-authors [190], the temperature has been determined in the Galaxy,
as well as in clouds at redshift up to z ∼ 3 (Fig. 8.4).
Using neutral carbon atoms, Songaila et al. [204] observed along the line of sight of QSO 1331+170
and obtained TCMB(z = 1.776) = (7.4 ± 0.8)K. Ge et al. [205] observed in the direction of QSO
0013-004 and obtained TCMB(z = 1.9731) = (7.9 ± 1.0)K. As already highlighted, all these mea-
surements should be treated as upper limits since other mechanisms could have contributed to the
excitation. Srianand et al. [206] have combined the detection of fine-structure lines of neutral car-
bon atom in an isolated cloud at z = 2.338 with several rotational levels in molecular hydrogen
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Figure 8.3: The distribution of the radio continuum sources, from several observed samples, fitted with models as a
function of redshift [203].
in order to constrain competing excitation processes and obtain TCMB(z = 2.338) = (10 ± 4)K.
Dessauges-Zavadsky et al. [207] have performed a measurement at z = 3.025 and get TCMB(z =
3.025) = (11.7+1.6−2.5)K. Cui et al. [208] have recently revised the value at z = 1.77654 of Songaila and
obtained TCMB(z = 1.77654) = (7.2± 0.8)K.
The motivations of our work are connected to the measurements of the temperature of the
CMB at different redshift in order to add other constraints to the theoretical framework used in
cosmology.
For these reasons, after having described the models, we will focus our attention on the experimental
tools we want to use in the near future to obtain these measurements.
8.3 Instrumental configuration
The whole instrument we are planning to dedicate to the observations of molecular tran-
sitions is comprised by the MITO telescope, a triple band radiometer MASTER, (Millimetre and
Submillimetre Triple hEterodyne Receiver), and an acousto-optical spectrometer (AOS) for the spec-
tral analysis.
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Figure 8.4: CMB temperature measurements and upper limits at molecular clouds. The solid line is the standard
model prediction. The dotted lines are the best “straight-line” fit to the data reported by LoSecco, Mathews & Wang
and the ±2σ uncertainty. The dashed lines are for the alternative TCMB − z relation above described [190].
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8.3.1 The Millimetre and Infrared Testagrigia Observatory
As previously mentioned, the impact of the atmospheric absorption at millimetric wave-
lengths is severe. This is due, in particular, to the presence of water vapour molecules: infrared
radiation excites rovibrational transitions of these molecules. The emission features of the same
transitions are intense and make the atmosphere a luminous infrared source, meaning that mea-
surements of weak radiation fluxes from sky sources are extremely difficult. In order to have good
atmospheric transmittance as well as high stability emission it is essential to carry out observations
from a really cold and dry site such as at high altitude or in Antarctica, thus reducing the pre-
cipitable water column (pwc). For good observations it is necessary to have a stable and low pwc,
preferably less than 1 mm. The former for low atmospheric noise due to emission fluctuations and
the latter to have a high transmission.
Figure 8.5: Atmospheric transmission simulated with the ATM code [209], [210] for the Testa Grigia site. Winter
condition for an effective temperature of 253 K and ground pressure of 650 hPa.
MITO (Millimetre and Infrared Testagrigia Observatory) is an observatory located on the
top of the Italian Alps in Valle d’Aosta along the Italy-Switzerland border (Plateau Rosa - 3480m
a.s.l. - 45◦ 56′ 03′′ N, 07◦ 42′ 28′′ W). This site satisfies all the observational requirements. Data
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collected for over 30 years at the meteorologic station of the Italian Air Force on Plateau Rosa show
clear nights to be more than 30% of the total during winter months. The extremely low values of
the water vapour content in the atmosphere above the Testa Grigia site, peaking down to almost
antarctic levels in the middle if winter (well below 1 mm pwc), ensure atmospheric transparency
even better than 90% at millimetre wavelengths.
The Atmospheric Transmission at Microwaves model (ATM ), developed by J. Cernicharo [209] and
then extended by J. Pardo [210], has been used to simulate the expected atmospheric transmission
for the Testa Grigia observatory site. In Fig. 8.5 two spectra are shown for different pwc values.
For continuous monitoring of the atmospheric conditions, a spectrometer, CASPER (Concordia
Atmospheric SPectroscopy of Emitted Radiation) [211] has been developed by the Experimental
Cosmology group in Rome. In particular, for the MITO telescope a second version (CASPER2,
[212]) of this spectrometer has been developed and will allow for correction of astrophysical and
cosmological observations without the need for telescope-specific procedures and further loss of
observation time allowing more precision in the observations themselves. The spectrometer is based
on a Martin-Puplett interferometer. Two data sampling solutions are available: phase-modulation
and a fast-scan strategy. Sky radiation is collected towards the interferometer by an optical setup
that allows the field of view, to explore the full 0◦ to 90◦ range of elevation angles.
The MITO telescope (Fig. 8.6) [213] is a two-element optical system with a 2.6 m diameter
parabolic primary mirror and a 41 cm diameter hyperbolic secondary mirror (Cassegrain configura-
tion) with altazimuthal mount. A high magnification factor allows for a long effective focal length of
8151 mm but limiting the telescope total length and for a focal plane scale of 25 arcsec/mm. Both
mirrors have been manufactured in an aluminium alloy skin (5 mm thick) with a rib-work to ensure
a low weight and a profile inside the tolerances for all the elevation angles. A carbon fibre spider
is used to support the secondary mirror and the modulation system (Fig. 8.6). Easy alignment
procedure is also one of the advantages of this setup. The telescope is optimised for differential mea-
surements, by choosing the position of the wobbling axis of the secondary mirror around the neutral
point with digitally controlled wave-forms for tilting it. Even in off-axis configurations, due to the
wobbling sub-reflector, the optical design optimisations makes the system able to ensure diffraction
limited performances at the frequencies of the MASTER radiometer (see next sections), for a correct
focal plane as large as 40 mm in diameter [214].
The pointing system is based on an altazimuthal mount, mainly due to the need of perform-
ing a sky chopping modulation along constant elevation in order to reduce atmospheric contributions.
The pointing accuracy is ∼ 1 arcmin.
Several offset sources can create modulated signals which are difficult to extract from data. In fact
a wobbling optical element means having optics with a moving entrance pupil. The problem that
arises is the unbalanced spurious emission of the telescope or its surroundings. The spillover radia-
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Figure 8.6: MITO telescope during observations (left) with details of the vanes covering the inner surface of the
telescope shield around the primary mirror (top right) and the modulation electro-mechanical system for wobbling
the secondary mirror supported by the carbon fibre spider (bottom right)[213].
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primary mirror diameter 2600 mm
primary vertex curvature radius 2494.54 mm
primary conic constant -1.009
effective primary mirror diameter 2000 mm
primary f/# 0.48
effective primary f/# 0.62
primary mirror vertex- focal plane distance 461 mm
secondary mirror diameter 410 mm
sub-reflector vertex curvature radius 539.78 mm
secondary vertex-primary focus distance 228.6 mm
sub-reflector conic constant -1.908
vertex interdistance 1018.7
maximum off axis secondary angle 2.5◦
Cassegrain f/# 4.07
effective magnification 6.56
effective focal length 8151 mm
focal plane scale 25 arcsec/mm
maximum sky field separation 63 arcmin
angular resolution at λ = 1mm 1.6 arcmin
Table 8.3: MITO telescope characteristics [214].
tion (ground emission observed in the sidelobes of the detector angular response) is for this reason
reduced by undersizing the real aperture of the telescope (the entrance pupil is only 2 m diameter)
and providing the telescope with radiation shields (Fig. 8.6). The telescope shield has been made in
a foam with the internal surface shaped with aluminised vanes (continuous roof mirrors) for rejecting
off-axis radiation.
8.3.2 MASTER radiometer
MASTER (Millimetre and Submillimetre Triple hEterodyne Receiver) is a system of three
heterodyne receivers based on SIS (superconductor-insulator-superconductor) tunnel junction mixers
[215]. Before showing in more details the radiometer, we briefly introduce some basic information
concerning heterodyne systems.
Heterodyne Receivers
In the frequency range of a few hundreds of GHz, astronomical signals can be detected
using basically two kinds of detectors, coherent or incoherent. The former allows the phase of the
incoming wave field to be preserved, while the incoherent thermal detectors, that do not conserve
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the information about the phase of the incoming radiation offer, however, higher sensitivity due to
a wider intrinsic bandwidth. These latter are used up to mid-infrared region. Due to the possibility
to preserve all the information of the incoming radiation, coherent detectors, such as heterodyne
receivers, are mainly adopted for high precision spectroscopy of astronomical signals, allowing precise
detection of emission and absorption lines. They are also used in interferometric systems giving the
possibility to reach high level of spatial resolution on the sky [216].
Coherent detection of millimetre and sub-millimetre radiation is usually achieved using heterodyne
systems. These receivers operate a frequency down-conversion from the frequency of the signal to be
detected νin into an “intermediate” frequency νIF , by mixing it with a signal from a Local Oscillator
(LO) at frequency νLO and selecting with a filter the signal at the frequency νIF = |νin − νLO|.
Typical values for the intermediate frequency are in the range 1GHz ≤ νIF ≤ 10GHz where low
noise High-Electron-Mobility-Transistor (HEMT) amplifiers operating at cryogenic temperature are
commonly available. In order to efficiently down convert the signal, a component with a highly
non-linear relation between input voltage / output current (characteristic Vin/Iout) is needed. In
principle any device with a non linear characteristic can be used but properties can be more simply
derived for a pure quadratic characteristic component.
Let the input signal be the sum of the astronomical signal [E sin(2piνint+ δin)] and that of the local
oscillator [V sin(2piνLOt+ δLO)]. The output is hence:
I ∼ [E sin(2piνint+ δin) + V sin(2piνLOt+ δLO)]2
= 12 (E
2 + V 2) (DC component)
−12E2 sin(4piνint+ 2δin + pi2 ) (2nd signal harm.)
− 12V 2 sin(4piνLOt+ 2δLO + pi2 ) (2nd LO harm.)
+V E
[
sin(2pi(νin − νLO)t) + (δin − δLO + pi2 )
]
(diff. freq.)
−V E [sin(2pi(νin + νLO)t) + (δin + δLO + pi2 )] (diff. freq.)
Now, by using an appropriate bandpass filter, all signal but the difference one can be
suppressed. In this way the mixer can be considered to be a linear device producing an output
frequency signal at νIF = |νin − νLO|.
The mixer will transform two frequency bands, symmetric with respect to νLO, into the same
νIF : these are called mirror frequencies. For measurements of continuum radiation both sidebands
contain useful information for the signal, so double sideband (DSB) operation is acceptable. For
line measurement, the spectral line of interest is in one sideband only and the other one is then a
source of extra noise and hence a single sideband (SSB) operation is desirable.
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Radiometer configuration
MASTER is a radiometer developed by the Radioastronomy group at University of Milan-
Bicocca, that, in its final configuration, will employ three heterodyne receivers based on Nb/Al −
AlOx/Nb SIS2 mixers. The operating frequencies are 94, 240 and 345 GHz. The higher frequency
mixer has been designed and manufactured by the KOSMA group at the University of Cologne,
while the 240 GHz one has been provided by the Department of Astronomy at the University of
Massachusetts. The 94 GHz unit is not yet available, but prototypes are under development at the
I.N.Ri.M. in Turin and testing by the Milan group [217]. A picture of the 345 GHz front-end hosted
upon the 4.2 K stage of the dewar is shown in Fig. 8.7





Figure 8.7: The front-end of the 345 GHz channel hosted upon the 4.2 K stage of the dewar [218].
The tuneable RF bandwidth (∆ν) is around 10% of the central frequency (νc) at νc=94
GHz and at νc=345 GHz, while it is almost 25% of the mid-frequency band νc=240 GHz. The IF
instantaneous bandwidth is δν=5 GHz at 240 GHz and δν=600 MHz for the other two bands (Table
8.4).
2A SIS consists in a superconducting layer, a thin insulating layer and another superconducting layer. When the
two superconducting electrodes are very close (∼ 10A˚), the wave functions of the Cooper pairs overlap in the region
occupied by the insulator and the tunnel effect can take place resulting in a current across the device. This is the
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MASTER bands characteristics
νc [Central Frequency (GHz)] 94 240 345
νIF [IF frequency (GHz)] 1.5 1.5 1.5
δν [Inst. Bandw. (GHz)] 0.6 4 0.6
∆ν [Tunable Bandw. (%)] ∼10 ∼25 ∼10
Table 8.4: Principal characteristics of the radiometer with the different specifications for the three bands.
Radiation coming from the sky and from the local oscillator after converging on a beam
splitter is collected by corrugated horns (Fig. 8.8). The feed horns have aperture of 26mm, 11mm
and 7mm, geometrically scaled with wavelengths and give identical beams at three frequencies with
a Half Power Beam Width (HPBW ) of approximately 7◦. Two Gunn oscillators are used: one
tuneable between 88 GHz and 100 GHz for the 94 GHz channel and a second one tuneable between
73 GHz and 87.5 GHz coupled with ×3 and ×4 multipliers to produce the 225 GHz and the 345
GHz signals respectively.
4.2 K
















Figure 8.8: 345 GHz receiver scheme [218].
The signal collected by the horn reaches the SIS mixer stage travelling in a single-mode
Josephson junction, also known as SIS.
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wave-guide, and hence in a filter cutting the radio frequency signals, in order to have only the IF
frequency at 1.5 GHz (FIg. 8.9). The signal so produced passes into a 50 Ω coaxial line connecting
the mixer-block and the Low Noise Amplifier (LNA) through cryogenic isolator inserted between
them to avoid possible feedback. All the components described above are fixed to the 4.2 K stage of
the dewar and thermally connected to this. Once amplified by the HEMT the signal reaches the first
stage of the warm electronics, formed by an amplifier with 40 dB gain, followed by a programmable
attenuator (A in the fig. 8.8) and a second 20 dB amplifier. Then another filter is used to fix again
the bandwidth of the signal before it reaches a -3 dB power splitter, where half of the power is spec-
trally resolved by the acousto-optical spectrometer (AOS) while half is rectified by a crystal detector.
IF
OL pumping at 328 GHz 
OL switched off - SIS biased 
spectrum analyzer
Figure 8.9: Frequency band obtained through the filter after the SIS mixer. Black line acquired with the local oscillator
at 328 GHz; the red line represents the noise level of the front-end with SIS biased and the local oscillator switched
off [218].
At this point we want to focus our description specifically on the AOS, with a brief general
description of how it works followed by a specific description of the instrument constructed by the
Arcetri Observatory and characterised in the laboratories of the University of Rome.
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8.4 The Acousto-Optical Spectrometer
In order to spectrally resolve the signal in the instantaneous bandwidth δν of the receiver,
back-end instruments can be used. The most used ones are basically the filterbanks, the autocorre-
lators and the acousto-optical spectrometers.
Due to the know-how acquired by some collaborators of the project, especially in the person of
Dr. Enzo Natale in Arcetri, the relative simplicity in design and the small number of components


















Figure 8.10: Setup of the acousto optical spectrometer developed by V. Natale in Arcetri.
Acousto-Optics deals with the interaction of sound and light. The existence of such an
interaction was predicted by Brillouin [219] in 1922 and experimentally verified ten years later. Bril-
louin’s original theory predicted a phenomenon closely analogous to X-ray diffraction in crystals. In
the latter, the atomic planes cause multiple reflections of an incident electromagnetic plane wave.
These reflections interfere constructively for specific critical angles of incidence, to cause enhanced
overall reflection (also called diffraction or scattering). In acoustic diffraction, the role of the atomic
planes is assumed by planes of compression and rarefaction induced by ultrasonic waves inside a
dielectric or crystal. As a result, similar diffraction effects occur.
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Referring to Fig. 8.10 we describe the general operation of an acousto-optical spectrometer.
The process described above and first proposed by Brillouin, is the fundamental mechanism of the
AOS. In this case, the IF, obtained as seen in the previous section, is connected to a crystal, through
a piezoelectric transducer which converts the electric signal into acoustic wave inside the crystal
itself. This block is usually referred to as a Bragg Cell [220]. The distance inside the lattice plane
in the crystal depends on the IF signal. Now, let a monochromatic light wave of angular frequency
ω and wavelength λ form an angle θ with the crystal and let the angle of the diffracted rays be φ
(see Fig. 8.10). The permitted angles, φ, are then determined by the condition that the optical
path difference from neighbouring acoustic wave planes should be integer multiples of λ. Assuming
a spacing Λ between adjacent acoustic wave crests, we have the condition:
Λ(sinφ− sin θ) = lλ where l = 0,±1,±2, ... (8.17)
This is the Bragg condition met in the diffraction of X-rays in crystals; for this reason, the
device is referred to as a Bragg cell. Now if the acoustic wave intensity is not so high to induce
saturation in the cell, the intensity of the diffracted light is proportional to the acoustic power. In
the linear range, different acoustic frequencies can be superposed resulting in different diffracted
angles. Therefore the relation between the νIF and the diffracted beam angle φ can be obtained





(sinφ− sin θ) (8.18)
Usually the distribution of the light intensity in the focal plane is detected by a CCD
(charge coupled device) array. After an integration time of some milliseconds, the counts recorded
by the CCD array are sampled, read out and transferred to a computer.
The maximum bandwidth achievable is limited by the condition that adjacent orders of the diffraction
(∆l = ±1) should not overlap. The maximum spectral resolution depends on how well can be
determined the direction φ of the wave front of light emerging from a monochromatic grating. Let










where τc is the time it takes the acoustic wave to pass through the Bragg cell: τc = L/vc.
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The optical layout of the acousto-optical spectrometer developed by V. Natale is shown in
Fig. 8.10. The laser is a GaAlAs Laser Diode HL7851G (Hitachi, Japan) whose output beam forms
18◦ with respect to the Bragg cell. The collimator is a Melles Griot (USA) 8 mm focal length lens
linked to a triplet Fourier lens (SILO, Italy) optimised for 785 nm wavelengths. The Bragg cell is
around 100 mm from the triplet; this distance is not crucial since working with a parallel beam.
Between the Fourier lens and the cell, a 0.2 mm wide slit is placed (20 mm from the cell) to “clean”
the incident beam. The cell, (BAE System, UK) is a four channel Bragg cell Y-37-3389-01, with an
operational wavelength of 785 nm and a centre frequency of 2.13 GHz. This cell is used in shear
mode: the polarisation of the diffracted beam is orthogonal with respect to both the incident and the
output non-diffracted beam. This setup is adopted in order to reduce the possible cross-polarisation,
that in any case should not be a problem since the laser is a single mode one. An output polariser
is used in order to avoid CCD detection of diffracted beams reflected on metallic surfaces [221].
8.5 First tests and calibrations on the Acousto-Optical Spec-
trometer
After the general introduction concerning the acousto-optical spectrometer backend, we
now want report preliminary results obtained during the testing at the Department of Physics in
Rome, of the specific instruments that will be coupled with the 345 GHz channel of the MASTER
radiometer.
The setup adopted for our testing is schematically shown in Fig. 8.11. To simulate the output
radiofrequency (RF) from the 345 channel of MASTER, a signal generator (Agilent E8257D) was
used for all our measurements.
The generated RF signal is passed through a signal converter module, to shift the expected
signal in the 1.2–1.8 GHz band (600 MHz of instantaneous bandwidth around the 1.5 GHz central
frequency of MASTER output) to the Bragg cell optimised band in the range 1.8–2.4 GHz. This
device is also used to generate the reference frequencies, through an internal comb generator, and
can be used to carry out a background scan. At this point, the signal is ready to feed the Bragg
cell inside the AOS unit. In Fig. 8.12 a picture of the internal configuration of this unit is shown.
Starting from the top-left of the figure, the first element on the mini optical-bench is the laser diode
whose light, after passing through e slit used as a “beam-cleaner”, is focused onto the Bragg cell,
whose position can be regulated through a micrometrical screw. The cell faces a lens which focuses
the beam onto the CCD. The electronic components are also shown in the figure: the power unit and
the current transformer can be found at the top-right while the read-out electronics for the CCD
are at the bottom-right of the box.






Figure 8.11: Flow chart of the AOS testing setup.
The front panel layout of the AOS is shown in Fig. 8.13. The radiofrequency input plug
can be seen on the left of the box. Going rightward the laser on/off switch can be found along with
a display for monitoring the diode current. Two external BNC connectors are placed on the right
of the panel for cross-checking the signal and the synchronous reference.
The signal acquired by the CCD (basic integration time 10 ms) is sent to a digital signal
processor unit (DSP) which converts it for an easy acquisition through a serial-cable by a laptop
computer for data storing and real-time monitoring. Several C-language codes have been developed
in order to control by means of a PC unit all the acquiring processes, including the configuration
setup that can be run on the signal converter unit front panel, such as calibration mode (comb) or
background acquisition mode (zero) (Fig. 8.14).
The software also allows to perform, once in observational configuration, acquisition using
a two-field strategy. This procedure, consisting in observing in the sky alternatively the astronomical
source and a source-free region, is usually used for the reduction of the atmospherical contribution
(see Section 8.3.1).
Power responsivity testing
First of all, a characterisation of the response of the instrument to different powers was
performed. In order to do this we chose an input signal at the central frequency of the band, 1.5 GHz,





Figure 8.12: Acousto-Optical Spectrometer developed at Arcetri Observatory, Florence. In top-right image the laser
diode source and the Bragg cell with the RF signal input connection are shown, while the focusing lens with the CCD
detector can be seen in the bottom-right picture.
and made several acquisitions varying the input power provided by the signal generator. Through
the software code other important settings can be defined for each acquisition such as the number
of scans (hereafter ns), that can be co-added and averaged during the analysis; each scan will be
stored separately but in a whole file associated to the corresponding acquisition. It is also possible
to set at this stage the integration time of a single scan, expressed as a number of frames (hereafter
nf ), where each frame represents the basic integration time of the CCD device.
As can be seen from Fig. 8.15 signals with a power over -30 dBm (= 10−3mW) saturate
the CCD , while an appreciable power dynamic range can be achieved roughly in the interval
−45dBm # P # −35dBm. The response to different powers of the input signal was checked
by noting the corresponding peak output value (Fig. 8.16) for a 1.5 GHz signal.
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Figure 8.13: Front panel layout of the AOS.
Frequency Testing
Once the behaviour of the spectrometer for different powers of the input signal had been
determined, the reaction of the instrument to different frequencies was studied. For this purpose, we
chose a power of -40 dBm for all frequencies in order to show up any variation of the responsivity.
The typical acquisition procedure first requires to perform a background scan followed by a frequency
calibration (through the comb option); these measurements are then followed by the “real source”
acquisitions and concluded with another calibration and background scan.
We spanned all the frequency bandwidth, with a sampling of 20 MHz (see Fig. 8.17)
adopting an integration time of nf = 1000 frames and averaging three subsequent independent
scans (ns = 3) for each frequency acquisition. We hence obtained a characteristic response curve of
the instrument that can be used as a benchmark for future observations. The current of the laser
diode during all these scans was constant (equal to 101.7 mA).
In general, the current stabilisation of a diode laser can be an important factor for an AOS
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Figure 8.14: Frequency converter (top) and digital signal processor unit (bottom).
device, since even a small variation of the laser frequency can change the angle of the diffracted
beam as seen in the previous section (eqn. 8.17). For this reason we monitored the behaviour
of the instrument during the stabilisation process and report in Fig. 8.18 an analysis performed
in one hour acquiring data every five minutes during the current drift. In particular, in this plot
other than a global single-pixel shift, three main line-shape can be observed, which can be referred
to three corresponding diode current values read in the front-panel display of the AOS during the
acquisitions.
Frequency resolution testing
The required resolution of 1 MHz was also tested using the same setup described above. In
this case starting from the central frequency of 1.500 GHz, five input signals scanning up to 1.505
GHz, with 1 MHz of sampling, were used to check the AOS performance. In this configuration, to
better appreciate the differences and the possible overlapping between close signals, a power of -35
dBm was chosen for each test input.
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Figure 8.15: Zoom in around the central pixels of the AOS response for a RF signal at 1.5 GHz with different input
powers as reported inside the figure. Each line is the average of three scans acquired with nf = 500. The Log10 of
the intensity counts are reported in the y axis.
As is shown in Fig. 8.19 the peak of each signal is clearly identifiable, and is separated
from the others by, at least, two pixels.
After having shown the response and the global characteristics of the instrument, we now
want to describe the identification process of a single line using a more quantitative approach. For
this purpose we acquired the comb spectrum followed by a 1.5 GHz measurement. For a precise
identification of the data, and supposing that the input frequency was unknown, we performed a
Gaussian fit. The best agreement was found with a five term fitting function:
f(x) = a0e−
z2




This process allow us to derive the peak pixel value (a1 in the previous equation), as well
as other useful information, such as the offset of the line (a3), the peak height (a0), and the width
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Figure 8.16: The power linearity for an input power signal between -40 dBm and -30 dBm has been checked. The
curve corresponds to a 1.5 GHz IF signal.
of the line (FWHM=
√
2pia2).
Now, in order to retrieve the frequency of this line, we need the calibration information collected in
the data acquired with the “comb configuration” (Fig. 8.20). In this data we can find the position
corresponding to seven frequencies, each 100 MHz, from 1.2 GHz to 1.8 GHz. Hence what we can
do now is to perform the same kind of fit for the central frequency of the comb signal, which we
know being at 1.5 GHz, derive the pixel peak value for the calibration data and then compare it to
that obtained for the unknown signal.
In Fig. 8.21 this process is illustrated, with the information concerning the peak values
also reported, from which can be appreciated the perfect agreement between the reconstructed
“unknown” signal and the calibrated frequency.
The process described above refers to the simple case in which the signal to be determined coincide
with one of the line of the comb generator. In all the other cases what can be done is to use two
adjacent comb signals which surround the unknown one, and, assuming a linear pixel/frequency
pattern inside this region, derive the information of the frequency associated to the peak pixel of
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Figure 8.17: Response of the instrument in the whole bandwidth, sampled at 20 MHz, for a signal of -40 dBm. In
black is reported the central frequency at 1.5 GHz. Offset reduction has been applied by means of the corresponding
background scan for each acquisition.
the unknown signal.
8.6 What’s next?
We have shown in the previous section the preliminary characterisations in power and fre-
quency of the instrument.
For the near future a precise definition of the response of the instrument at different ambient tem-
perature is required. In general, this aspect is one of the more crucial for this kind of instrument
due to the changing response of the diode laser and the Bragg crystal to different temperature
conditions. In prevision of future astronomical observations, to avoid wasting time on persistent fre-
quency calibration, this characteristic should be studied, also with the idea of building an external
temperature-controlled box for the AOS instrument.
The next step is the integration of the AOS with the MASTER single band in Milan. After repeating
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Figure 8.18: Line shift (towards the red line here in the plot) during an hour acquisition before laser stabilisation,
with a five minutes sampling.
the calibration tests an observational campaign is planned at MITO next winter. This part will be
the most challenging due to the inescapable problems that, almost for sure, will occur and that will
require further analysis and adjustments.







Figure 8.19: Lines corresponding to six input signals with intermediate frequency separated of 1 MHz, starting from
1.5 GHz.
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Figure 8.20: Comb signal for frequency calibration.
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Figure 8.21: Example of the fitting procedure followed to derive the peak-pixel and hence to retrieve the frequency of
the signal.
Conclusions
The work developed during the three years of my doctorate has had two main goals, re-
spectively connected to different areas of astrophysics.
The first target, subject of the first two years, has been the physics and chemistry of the
interstellar medium and the molecular data needed for near-future radio-astronomy instruments.
For these purposes, new laboratory molecular spectra, of species of interest for the interstellar
medium, have been acquired and analysed, providing new molecular catalogues for the radio astro-
nomical community.
It’s worth noticing that, during the first two years of my work I contributed to laboratory measure-
ments of other important astrophysical species not mentioned in this thesis. I’d like to highlight two
in particular here. The first one is methylenimine (CH2NH), whose spectra around 800 GHz was
acquired with a plasma experiment at the Jet Propulsion Laboratory. The other is the methyl for-
mat 13C isotopologue HCOO13CH3. The spectrum of this species has been acquired at the PhLAM
laboratories in Lille between 150 and 600 GHz.
As a main rule followed in this manuscript, I have chosen to give details only of the species on
which work has been already completed and published, leaving the description of any other studies
to future publications.
For methyl formate a publication will be submitted soon. In the immediate future our metabase
containing a review of molecular databases and other sources of spectral data for radioastronomy will
be continuously updated, in order to follow the improvement in the databases themselves and new
astrophysical detections. From a more experimental point of view, new laboratory measurements
of molecular spectra are already planned, continuing the collaboration with the JPL and extending
collaborations with other laboratories, such as PhLAM in Lille and the Cologne Laboratory Astro-
physics group. Future work in Toulouse will be part of the astrospec project (spectroscopic data for
radioastronomy) and will be mainly focused on complex organic molecules and deuterated species,
both keys ingredients for understanding the chemistry and physics of star-forming regions. This work
will be grouped in an ANR (the French National Research Agency) proposal, and European network
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funding, coordinated by C. Ceccarelli of the Grenoble Observatory Astrophysics laboratory (LAOG).
The second target of my thesis has been the Universe at larger scale and the cosmological
models that describe its physics. In particular, the use of information from molecular lines in high
redshift objects has been reviewed. The spectrometer developed to analyse this information has
been shown with its first tests and calibration performed in Rome.
The next logical step will be the coupling of the instrument to the heterodyne receiver of the
MASTER radiometer, and then new calibration and efficiency tests of the ensemble. Once these
steps are completed the whole apparatus must be coupled to the MITO telescope and the first
observational testing will then be performed.
Appendix A
Radiative transfer and local
thermodynamic equilibrium
The intensity of a source emitting in the interstellar medium along a line of sight Iν , will




= −κνIν + /ν (A.1)
where the left term represents the change of the intensity Iν at the corresponding frequency
ν through a slab of material of thickness s. It depends on the absorption coefficient κν and the
emissivity /ν .
In Local Thermodynamic Equilibrium (LTE) the intensities of emitted and absorbed radiation are
not independent. The Einstein coefficients give a convenient means to describe the interaction of
radiation with matter by the emission and absorption of photons. Consider a gas containing atoms
with discrete energy levels Eu and El. According to Einstein theory a system in the excited state Eu
will return spontaneously to the lower level El with a certain probability Aul, the Einstein coefficient
of spontaneous emission, such that nuAul is the number of such spontaneous transitions per second
in a unit volume, if nu is the density of state u. The finite energy level difference Eu and El results
in a frequency ν = (Eu − El)/h. The absorption line will be described by a line profile function
which is sharply peaked and normalised so that:
∫ ∞
0
φ(ν)dν = 1 (A.2)
If the intensity of the radiation field is Iν , we can define an average intensity by:
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The probability of the absorption of a photon is BluU¯ such that the number of absorbed
photons is nlBluU¯ where U¯ = 4piI¯/c is the average energy density of the radiation field. Einstein
found that to derive Planck’s law, another emission process was needed: nuBulU¯ that is the num-
ber of photons emitted by stimulated emission. If the system is in a stationary state, must be


















Now, defining the opacity τ of a line as dτ = κνds and the source function as Sν = /ν/κν ,
we can write the relation:
Iν = Sν + e−τ (Iν0 − Sν) (A.6)
where a constant source function has been assumed and Iν0 represents the cosmic microwave
background at 2.7 K. The source function can be expressed in terms of Einstein’s coefficients using

















In LTE, the brightness distribution is described by the Plank function, and hence we can
find the relation among the Einstein coefficients as:
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ABSTRACT
Avariety of high-quality spectroscopic studies have contributed to knowledge of the formyl cation, HCO+, and its
rare isotopologues, but technical limitations have previously limited precise determinations of the far-infrared, or
terahertz spectrum. This study extends the microwave, millimeter, and submillimeter spectroscopy of HCO+ into the
terahertz range. The resulting measurements and predictions are of sufficient coverage to adequately address astro-
physical questions about this species using the Herschel Space Observatory or the Atacama Large Millimeter Array.
Subject headinggs: catalogs — ISM: molecules — methods: laboratory — molecular data —
solar system: formation
1. INTRODUCTION
HCO+ is an ubiquitous and abundant molecule in the inter-
stellar medium, observable in a multitude of different objects.
Examples include protoYplanetary nebulae (Sa´nchez Conteras
& Sahai 2004), the envelope around a T Tauri star (Qi et al.
2003), giant molecular clouds such as Orion (Snyder et al.
1977), photodissociation- and photon-dominated regions (Young
Owl et al. 2000; Savage & Ziurys 2004), massive star-forming
regions (Purcell et al. 2006), molecular outflows (Girart et al.
2000), dense regions in a diffuse cloud around Cygnus OB2
(Scappini et al. 2000), the dense cores of the Galactic circum-
nuclear disk (Cristopher et al. 2005), comets (Milam et al. 2004),
and the diffuse interstellar medium (Liszt & Lucas 2004). HCO+
emission has also been observed toward external galaxies both in
nuclei (Liszt & Lucas 2004; Seaquist & Frayer 2000) and disks
(Brouillet et al. 2005 and references therein) and at high-redshift
(z > 2; Riechers et al. 2006). It is a keymolecule for astrophysics,
because it has a relatively large abundance and large dipole mo-
ment and therefore is used as a tracer of high-density molecular
gas. Chemical models suggest that HCO+ plays an important role
in the chain of reactions leading to complex organic molecules.
Rotational lines of vibrationally excited HCO+ may be observed
in hot or highly excited objects. The lowest energy vibration is
that of the bending state at 828.2 cm!1. Lines of the different
isotopomers can also be observed in astrophysical spectra. The
emission of the deuterium isotopomers can be anomalously strong
due to enhanced deuterium fractionation (Guilloteau et al. 2006),
and study of double isotopically substituted species containing
deuterium is also interesting.
The formyl cation was detected in the interstellar medium as
Xogen (Buhl & Snyder 1970) before being identified in the lab-
oratory. Then, in 1975, the ground rotational transition was de-
tected by microwave spectroscopy (Woods et al. 1975). Finally,
its rovibrational spectrum was observed by infrared laser spec-
troscopy in 1983 by Gudeman et al. (1983). No measured elec-
tronic spectrum of this species has been reported. Since its initial
identification, rotational spectra of the formyl cation have been
reported numerous times. The first studies (Woods et al. 1975;
Bogey et al. 1981; Sastry et al. 1981) each used the DC discharge
of low-pressure molecular hydrogen and carbon monoxide. The
rotational spectrum of HCO+ in the ground vibrational state was
recently remeasured by Savage & Ziurys (2005), who used an
AC discharge to eliminate any systematic Doppler-shifted offsets.
They also measured two new lines, extending the highest pre-
cision measurements up to 624 GHz. Previously, van den Heuvel
& Dymanus (1982) had measured three far-infrared transitions
up to 1070 GHz with lower experimental accuracy, estimated
around 1 MHz.
With the launch of the Herschel Space Observatory (Pilbratt
et al. 2001), planned in 2008, the far-infrared spectral region will
be opened for astrophysical spectroscopy. In particular, the high
spectral resolution instrument HIFI will operate in a range from
about 480 to 1910 GHz. With its high resolution (R ¼ 5 ; 106)
it will be possible to unambiguously identify molecular species.
Study of higher rotational transitions of HCO+, compared to,
for example, HCN, will help separate the effects of chemical, ver-
sus excitation, processes (Young Owl et al. 2000). However,
just as at lower frequencies, very accurate transition frequencies
will be required.
In order to facilitate identification, and for modeling purposes,
very accurate rest frequencies (ideally 10 kHz) are often es-
sential for astrophysics. The precise laboratory measurement of
the spectra of ions is challenging in many aspects. For example,
measurements of the spectra of ions in the laboratory may suffer
from Doppler shifts due to ion drift in the electric field of the dis-
charge used for production. The offset depends highly on dis-
charge conditions that cannot be maintained perfectly constant
during measurement. Therefore, postmeasurement correction of
these systematic shifts is difficult. A double-pass setup was used
for this experiment to average the Doppler offset of the rotational
line centers. This arrangement has also been used in recent mea-
surements of DCO+ (Caselli & Dore 2005).
A molecular substitution structure has been calculated by
Woods et al. (1975), who measured theJ ¼ 0Y1 transition of the
parent species and five isotopomers as well as theJ ¼ 1Y2 tran-
sition of DCO+.A further14 lines in the 140Y360GHz rangewere
measured by Bogey et al. (1981), who were hence able to derive
quartic Hamiltonian parameters and take the centrifugal distortion
into account in their structural analysis. Subsequently, Plummer
et al. (1983) measured the J ¼ 2Y3 transition of HC18O+ and
HC17O+. Caselli & Dore (2005) have recently provided very
precise laboratory data on the deuterated isotopomers DCO+,
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DC18O+, and D13CO+ in the 137Y792 GHz region, which al-
lowed the first determination of the sextic centrifugal distortion
parameters for these species. They also reported a measurement
by radio astronomy of the ground rotational transition of DCO+,
which showed for the first time a hyperfine splitting due to the
deuteron and were hence able to determine the quadrupole cou-
pling and spin rotation parameters of the molecule. This was pos-
sible because of the low Doppler line widths in cold quiescent
clouds. Similarly, Schmid-Burgk et al. (2004) fitted two magnetic
hyperfine components to the first rotational transition of H13CO+
observed in a dark cloud. This work enables calculation of pa-
rameters for the nuclear spin Hamiltonian. They also reported
ab initio calculations of this coupling parameter for both the latter
species and for HC17O+ and HC18O+.
Laboratory measurements have also been made of rotational
transitions within excited vibrational states. Blake et al. (1987)
used far-infrared laser sideband spectroscopy to measure two
rotational transitions in the ground vibrational state and three in
the first bending mode (0110), allowing a determination of the
l-type doubling parameter and one related centrifugal parameter.
Rotational transitions of HCO+ and DCO+ in the !1, !2, 2!2, and
!3 vibrational states were measured by Hirota & Endo (1988) in
the 216Y358 GHz range. Detailed work on DCO+ was carried
out by Dore et al. (2003), who measured transitions up to J ¼ 4
in the bending overtone states up to !2 ¼ 4. They reported a
Coriolis-type interaction between the !1! l2!3 ¼ 0111 and 1000
states. Thesemeasurements were later completed to include bend-
ing satellites with high values of the vibrational angular momen-
tum up to l ¼ 3 (Caselli & Dore 2005). Foltynowicz et al. (2000)
have reported results on the second overtone of the HCO+ bend
yielding a new determination of the harmonic bending frequency
and the first measurement of anharmonicity in the bending mode.
The first infrared measurement was that of the !1 stretching
vibration (Amano 1983), which was followed up by Owtrusky
et al. (1989). Spectral analyses have also been reported for the!3
stretching vibration (Foster et al. 1984; Davies &Rothwell 1984),
the !2 bending vibration (Davies et al. 1984; Kawaguchi et al.
1985), and several hot bands (Liu et al. 1988).
2. EXPERIMENTAL DETAILS
The measurements reported here were carried out at the Jet
Propulsion Laboratory (JPL). An amplified millimeter-wave
module, with 10Y100 mWof output power, and a series of com-
mercial (Virginia Diodes) and JPL-built multiplier chains were
used to produce terahertz radiation. The radiation source was a
sweep synthesizer phase locked to a frequency standard good to
1 part in 1012, so frequency errors depend entirely in determining
line center of the absorption profile, which were measured in both
increasing and decreasing frequency and averaged. Toneburst
modulation (100 kHz tone, 0.5 kHz burst, 0.10Y0.15Vamplitude)
was used at magnitudes that matched the 0.5Y1.5 MHz line
widths. A tunable YIG filter was used for suppression of spurious
harmonics. In the rest of this article we refer to the complete setup
of synthesizer, filter, millimeter module, and amplifier as ‘‘the
source.’’ Further details of the spectrometer system are described
in detail elsewhere (Drouin et al. 2005; Maiwald et al. 2005).
HCO+ ions were produced in a cooled 1 m glass cell using a
DC discharge at 90mA. A flow systemwas used in which the gas
samples and the vacuum pump represent the input and output re-
spectively. The cell was regulated to 240 K with methanol cycled
through a N2(l ) heat exchanger. In order to maintain good signal
for HCO+, a mixture of molecular hydrogen at PH2 ¼ 75 mtorr
and carbon monoxide at PCO ¼ 3 mtorr was used. For the rare
isotopomers, molecular deuterium or 13CO, or both, were used
at similar pressures as the main isotopologues. A sample spec-
trum is shown in Figure 1. A double pass of the microwave ra-
diation through the cell was used to increase sensitivity and to
average any Doppler shift due to ion drift in the discharge. This
was achieved using a polarizing beamsplitter, aligned in parallel
polarization to the source radiation, and at 45" to the quasi-optical
beam path between the source and the cell. A rooftop reflector at
the opposite end rotates the polarization by 90" and reflects back
through the cell toward the beamsplitter, which reflects the beam
into a composite Si bolometer cooled to 2.1 K with pumped4He
liquid. The detector response was passed through a preamplifier,
demodulated by a lock-in amplifier at 0.5 kHz, and digitized for
storage and treatment by computer. Typically, a single, strong,
well-predicted transition was first measured, when the source was
modified for a different frequency band, to determine appropriate
sample pressure and modulation depth before subsequent mea-
surements were made.
3. ANALYSIS
A separate fitting analysis for each isotopomer was performed,
using the SPFIT and SPCAT programs3 (Pickett 1991) to fit and
generate improved predictions up to 3000GHz. These predictions
are given as supplementary material and fitting files are available
online at the JPL catalog site4 (Pickett et al. 1998). We estimate
our uncertainties as 30Y100 kHz, for all the measured transi-
tions. For each species we present the lines used in the analysis,
the determined molecular parameters, and make comparisons to
previous work.
In the following we use the term ‘‘microwave’’ to generally
describe all data (millimeter, submillimeter, and terahertz) taken
using microwave techniques of a phase-locked source, regardless
of the source being a fundamental oscillator or harmonically
generated radiation. When several measurements were available
for the same transition we recommend a ‘‘best’’ one according to
criteria discussed later.
3.1. HCO+
In order to search for new lines, we first made predictions from
a fit of all previous microwave (Woods et al. 1975; Bogey et al.
1981; Savage & Ziurys 2005; Blake et al. 1987; Sastry et al. 1981;
Hirota & Endo 1988; van den Heuvel & Dymanus 1982) and in-
frared (Davies & Rothwell 1984; Davies et al. 1984; Kawaguchi
Fig. 1.—Spectral measurement of H13CO+. The feature only appears within
a discharge of H2 and enriched
13CO; a scan with no 13CO is shown in gray.
3 See also http://spec.jpl.nasa.gov.
4 See also http://spec.jpl.nasa.gov.
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et al. 1985; Foster et al. 1984; Gudeman et al. 1983; Amano 1983;
Liu et al. 1988) measurements. Once the data set was compiled,
some critical evaluation of available literature data proved nec-
essary. After reconciling systematic offsets in several different
microwave ground-state data sets, the best transitionswere chosen
for inclusion in a multistate analysis.
An evaluation of the ground-state data was necessary due to
incompatibilities associated with the treatment of the ion driftY
induced Doppler shift and/or frequency calibration errors. Bogey
et al. (1981), Sastry et al. (1981), and Savage & Ziurys (2005)
each discuss the phenomenon; however, the method of cancella-
tion of the effect is different in each case, as well as the results. The
present work offers a third method, that of a double-pass quasi-
optical beam path, which leads to good agreement with Sastry
et al. (1981). This method is arguably similar to that used by
Sastry et al. (1981) for the J ¼ 3Y2 transition.
The magnitude of the disagreement between the prior results
can be seen from inspection of Figure 2 to be from 50 to 250 kHz.
The linear divergence from the present data fit is evident in each
study that measures two or more transitions, (a zero residual cor-
responds to the present, best fit). The deviations are of the same
order as the velocity correction derived by Sastry et al. (1981).
After discussing these differences with the Arizona group a more
accurate set of measurements (D. T. Halfen & L. M. Ziurys 2006,
private communication) were made, which are in good agreement
with Sastry et al. (1981) and the present work. This was ac-
complished through remeasurement, in the same AC discharge
system, with a new synthesizer that is calibrated to 1 part in 109.
Nevertheless, the high precision of the Savage & Ziurys (2005)
AC measurements is evident in the tight linearity of the residuals
representing this data in Figure 2. The evidence is all consistent
with a small, but entirely reasonable, offset in the fundamental
oscillator used for the measurements of Savage & Ziurys (2005).
Finally, returning to the original submillimeter data from Sastry
et al. (1981), the additional data from this study reveals that the
correction applied therein is likely to be underestimated, since
even the corrected transition frequencies aboveJ 0 ¼ 3 move sys-
tematically away from the ‘‘trust’’ region denoted by the"50 kHz
box drawn about the residual zero line in Figure 2. It should also
be noted that velocity offsets, as well as frequency calibration
issues, can each lead to the inconsistencies observed in the HCO+
data sets.
In the best fit there is an assumption that the double-pass ar-
rangement used in this experiment completely averages the two
Doppler components of the ion signal. Since the present data set
is the only high-precision work at highJ, there is no practical way
to verify this assumption. However, the excellent agreement in
the DCO+ data indicate that the assumption is valid up through
800 GHz. In the multistate fits used for final predictions the
‘‘best’’ microwave data was fitted along with new measurements.
Lines were weighted using previously quoted experimental error.
Themicrowave fit includes data from the ground, first, and second
vibrationally excited bending states (01l0 and 0200). The multi-
state fit also includes additional data for both of the stretching
vibrations (100 and 001). The complete set of fitted (‘‘best’’)
microwave measurements is shown in Table 1. The residual
signifies observed # calculated frequency differences with the
fit. Following the notation used in the JPL online catalog (and
that used in SPFIT), we indicate v ¼ 0 as the ground vibrational
state, v ¼ 1 as the first bending mode (!2 or 01l0) with l ¼ "1,
v ¼ 2 is (2!2 or 0200), v ¼ 3 as the C#O stretch mode (!3 or
001), and v ¼ 4 is the C#H stretch mode (!1 or 100). For pre-
dictions the v ¼ 5 state represents the as yet unobserved (0220)
state, which was approximated during fitting of 0200 using fixed





sumed from the 0110 state.
The rotation of the molecule splits the two degenerate bending
modes by the different coupling of the angular and vibrational
velocity vectors (Coriolis force). Allowing for the above splitting,
the rotational frequencies are fit to
! ¼ B0 J (J þ 1)# D0 J 2(J þ 1)2 þ H0 J 3(J þ 1)3 ð1Þ
for the ground vibrational state, with
!" ¼ B1 J J þ 1ð Þ # l 2
" ## D1 J J þ 1ð Þ # l 2" #2
þ H1 J J þ 1ð Þ # l 2
" #3 " q0
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J 3 J þ 1ð Þ3 ð2Þ
for the vibrationally excited bending states and as in equation (1)
for the other vibrational states. The termsBi, Di, and Hi are the
rotational and distortional parameters in the corresponding vi-
brational state, l is the vibrational bending angular momentum,
q0 is the l-type doubling parameter, and q0J and q
0
JJ are its cen-
trifugal distortion corrections. The primes on the q-parameters
indicate that SPFIT does not implicitly include the expectation
values of the l-doubling wave function, such that q0 ¼ hljqjl 0i.
The parameters obtained from the fits are listed in Table 2.
Fig. 2.—Residuals of HCO+ fit (top) and DCO+ fit (bottom) for measured
transitions. Transitions excluded from the analysis are given open symbols; the
box represents "50 kHz from model. Most studies report 100 kHz or less error.
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Frommerging all the available data, there are 18well-determined
parameters for HCO+. Comparing the fit based on the old data
and that based on the new set, it can be seen how the quartic
D(!2 ¼ 1) parameters are better determined. The l-type doubling
distortion parameter q0J , previously undetermined, is now deter-
mined. The marked improvement in the l-doubling parame-
ters is essentially due entirely to the new measurements of the
first bending mode (01"10), but the simultaneous vibrational
analysis also helps the statistics. Table 1 shows the best-fit
data, and Figure 2 shows residuals of all available microwave
data sets compared to the present best fit. Parameters from the
‘‘best-fit’’ analysis and an ‘‘all-inclusive’’ analysis are given in
Table 2.
3.2. Rare Isotopologues
This work includes seven newly measured lines for H13CO+
as well as two new measurements at higher frequency for each of
the deuterated species. We performed a weighted, rovibrational
analysis, including most previous measurements for DCO+. For
H13CO+ and D13CO+, only data for the ground vibrational state
was fitted to two or three molecular parameters, respectively.
For DCO+, measurements made by Caselli & Dore (2005),
Hirota & Endo (1988), Kawaguchi et al. (1985), and Davies &
Rothwell (1984) were included in the analysis. For the D13CO+
species, we used lines from Caselli & Dore (2005) and from
Woods et al. (1975). For the H13CO+ species we used lines from
Schmid-Burgk et al. (2004), Bogey et al. (1981), and Gregersen
& Evans (2001).
TABLE 1
Measured Rotational Transitions Used in the Final Analysis of HCO+







1 0 0 0 0 0 89188.5230 1 0.00789 0.020
3 0 4 2 0 4 265434.3340 2 0.00086 0.041
3 0 3 2 0 3 265790.2470 2 0.00045 0.039
3 0 0 2 0 0 267557.6190 3 0.01571 0.050
3 #1 1 2 1 1 267418.7196 2 0.09638 0.030
3 0 2 2 0 2 268589.3045 2 0.00000 0.117
3 1 1 2 #1 1 268688.8696 2 #0.05148 0.030
4 1 1 3 #1 1 356548.7606 2 #0.03458 0.030
4 0 2 3 0 2 358098.5513 2 0.00000 0.061
4 #1 1 3 1 1 358242.4092 2 0.06334 0.030
5 0 0 4 0 0 445902.9080 4 0.04661 0.050
6 1 1 5 #1 1 534783.0698 4 0.02466 0.050
6 0 0 5 0 0 535061.5712 4 #0.01495 0.050
7 #1 1 6 1 1 623882.9970 4 #0.11569 0.050
7 0 0 6 0 0 624208.3453 4 #0.04430 0.050
9 #1 1 8 1 1 802039.1040 4 #0.01204 0.050
9 0 0 8 0 0 802458.2170 4 #0.05145 0.050
9 1 1 8 #1 1 805845.6250 4 #0.07460 0.050
10 0 0 9 0 0 891557.3993 4 0.04208 0.050
10 #1 1 9 1 1 895319.3051 4 0.04307 0.050
12 1 1 11 #1 1 1069132.8477 4 0.05831 0.050
12 0 0 11 0 0 1069693.8910 4 0.04026 0.050
12 #1 1 11 1 1 1074202.8123 4 #0.03235 0.050
13 #1 1 12 1 1 1158118.5788 4 #0.02662 0.050
13 0 0 12 0 0 1158727.2266 4 #0.02826 0.050
13 1 1 12 #1 1 1163608.7748 4 0.02761 0.050
Notes.—Here v ¼ 0 is the ground vibrational state, v ¼ 1 the first bending mode (!2 or 01l0) with l ¼ "1, v ¼ 2 is
(2!2 or 02
00), v ¼ 3 the C#O stretch mode (!3 or 001), and v ¼ 4 is the C#H stretch mode (!1 or 100). Infrared data from
Amano (1983), Davies & Rothwell (1984), Davies et al. (1984), Kawaguchi et al. (1985), and Foster et al. (1984) were
also used in the fit.
References.—(1) Woods et al 1975; (2) Hirota & Endo 1988; (3) Sastry et al. 1981; (4) This work.
TABLE 2
Parameters for HCO+
Parameter All a All Previousb
B0 ...................................... 44594.4230(44) 44594.4316(38)
D0 ...................................... #0.082724(49) #0.083028(92)
H0 ; 106 ............................ #0.341(156) 1.01(72)
B(!2 = 1) ........................... 44677.1489(18) 44677.1498(34)
D(!2 = 1)........................... #0.0844555(69) #0.084394(87)
E (!2 ¼ 1) ; 10#7 ............. 2.48297353(70) 2.48297364(75)
q0/2 (!2 = 1)...................... 105.87248(263) 105.8554(58)
q0J /2 (!2 ¼ 1) ; 103 ........... #0.791(32) #0.115(223)
q0JJ /2 (!2 ¼ 1) ; 106 .......... #0.295(107) #3.84(149)
B (!2 = 2)
c ........................ 44767.989(46) 44767.989(46)
D (!2 = 2)c ........................ #0.08618(150) #0.08618(150)
B (!3 = 1).......................... 44299.8687(78) 44299.8612(97)
D (!3 = 1) ......................... 0.08301(21) 0.08260(38)
E (!3 ¼ 1) ; 10#7 ............. 6.54731788(150) 6.54731718(155)
B(!1 = 1) ........................... 44240.6140(166) 44240.6129(166)
D(!1 = 1)........................... #0.08656(82) #0.08651(83)
E (!1 ¼ 1) ; 10#7 ............. 9.25980841(70) 9.25980838(70)
" .................................... 0.046 0.396
Note.—One standard deviation in units of the last decimal place is given in
parentheses.
a Fit including new data and selected literature data as discussed in text.
b Global fit of previous data.
c The parameters q0 and q0j for the !2 ¼ 2 state were fixed at !2 ¼ 1 values.
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3.2.1. Deuterated Species
Both DCO+ and D13CO+ have recently been measured and
analyzed by Caselli & Dore (2005). In their work they recorded
lines in the 137Y792 GHz range and determined three molecular
Hamiltonian parameters for each species. For clarity, the data
reported by Caselli & Dore was reanalyzed to obtain identical
residuals to those they reported. The values of the parameters
were also identical, but the predicted errors were significantly







was very small due to the small residuals, below 1 kHz. This sug-
gested the quoted uncertainty on the transitions was large com-
pared to the random error of the fitting model.When the transition
TABLE 3
Rotational Transitions for DCO+







1(0) 0 0 0(1) 0 0 72039.2413 1 $0.00009 0.0073
1(2) 0 0 0(1) 0 0 72039.3028 1 $0.00030 0.0061
1(1) 0 0 0(1) 0 0 72039.3504 1 $0.00022 0.0067
3 0 1 2 0 1 214748.9960 2 0.00804 0.0190
3 0 3 2 0 3 214874.0810 2 $0.02821 0.0180
3 0 0 2 0 0 216112.5822 1 0.00227 0.0050
3 $1 2 2 1 2 216181.5872 2 $0.00668 0.0057
3 1 2 2 $1 2 217207.5090 2 $0.00760 0.0062
4 0 1 3 0 1 286326.7670 2 $0.02475 0.0290
4 0 3 3 0 3 286492.6080 2 0.02043 0.0140
4 0 0 3 0 0 288143.8583 1 0.00062 0.0050
4 1 2 3 $1 2 288235.7892 2 0.00247 0.0030
4 $1 2 3 1 2 289603.4815 2 0.00422 0.0040
5 0 1 4 0 1 357900.1470 2 0.00170 0.0130
5 0 3 4 0 3 358105.7270 2 $0.00369 0.0110
5 0 0 4 0 0 360169.7783 1 $0.00115 0.0050
5 $1 2 4 1 2 360284.5328 2 $0.01405 0.0121
5 1 2 4 $1 2 361993.8215 2 $0.00682 0.0086
6 0 0 5 0 0 432189.0052 1 $0.00135 0.0050
7 0 0 6 0 0 504200.1999 1 $0.00054 0.0050
8 0 0 7 0 0 576202.0239 1 0.00107 0.0050
9 0 0 8 0 0 648193.1357 1 $0.00001 0.0050
10 0 0 9 0 0 720172.2024 1 0.00107 0.0100
11 0 0 10 0 0 792137.8811 1 $0.00122 0.0100
13 0 0 12 0 0 936023.7532 3 0.01041 0.0500
16 0 0 15 0 0 1151718.7350 3 $0.00286 0.0500
Note.—Infrared data from Kawaguchi et al. (1985) and Davies & Rothwell (1984) were also used in the fit.
References.—(1) Caselli & Dore 2005; (2) Hirota & Endo 1988; (3) This work.
TABLE 4






B0 ...................................... 36019.76763(41) 36019.76765(14)
D0 ...................................... 0.0557956(46) 0.0557960(22)
Hb ; 106 ............................ 0.0522(157) 0.054(11)
1.5eQq ............................... 0.2216(212) 0.2217(53)
CI ; 103 ............................. $1.60(315) $1.59(78)
E ("1 = 1).......................... 77483235.2(170)
B ("1 = 1).......................... 35792.3325(46)
D ("1 = 1) ......................... 0.046361(100)
B ("2 = 1).......................... 36116.79449(106)
D ("2 = 1) ......................... 0.0575167(314)
q0 /2("2 = 1) ....................... $85.51015(106)
q0J /2 ("2 ¼ 1) ; 103 ........... 0.9214(314)
E ("3 = 1).......................... 57082391.7(125)
B ("3 = 1).......................... 35813.3520(35)
D ("3 = 1) ......................... 0.055580(79)
! .................................... 0.010
Note.—This single sextic distortion parameter was fit for all vibrational
states simultaneously. One standard deviation in units of the last decimal place is
given in parentheses.
a Data from Caselli & Dore (2005) is weighted as states in the paper, pro-
ducing different parameter uncertainties than reported there.
TABLE 5
Transitions for D13CO+







1 0 70733.2180 1 0.0130 0.050
3 2 212194.4920 2 0.0026 0.005
4 3 282920.0055 2 0.0008 0.005
5 4 353640.3923 2 $0.0009 0.005
6 5 424354.3718 2 $0.0018 0.005
7 6 495060.6646 2 $0.0003 0.005
8 7 565757.9861 2 0.0014 0.005
9 8 636445.0518 2 $0.0013 0.005
10 9 707120.5885 2 $0.0002 0.015
11 10 777783.3159 2 0.0049 0.050
13 12 919065.1840 3 0.0560 0.050
16 15 1130859.8531 3 $0.0160 0.100
References.—(1)Woods et al. 1975; (2) Caselli & Dore 2005; (3) This work.
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frequency uncertainties are reduced to obtain a reduced error close
to unity, one should obtain the same errors for the model pa-
rameters as depicted in Caselli & Dore (2005). In this work we
chose to use the quoted uncertainties of the transitions in our full
analysis; therefore, errors for the parameters are actually larger
than those quoted by Caselli & Dore. Tables 3Y6 compare our fit
of the previous data with the fit including the newmeasured lines.
It is worth pointing out that the combined fit has very good agree-
ment, as evidenced by the very low residuals, and that the two
analyses are only significantly different in the treatment of errors,
which will impact the confidence of model extrapolations.
Since overlapping data for DCO+ and D13CO+ have been taken
by two different experimental setups near 800 GHz, most possi-
bilities for systematic error are remote. For DCO+ the quadrupole-
coupling eqQ and spin-rotation CI parameters of the D nucleus
are also determinable from literature data. Not surprisingly, these
parameters are not improved by our new high-frequency data,
since no splittings were observed.
3.2.2. H13CO+
A lack of high-resolution laboratory data has, until now, ex-
cluded a precise spectral characterization of this species. In the
CDMS online catalog5 (Mu¨ller et al. 2005), the reported predic-
tions are based on the analysis by Schmid-Burgk et al. (2004),
which includes data from Gregersen & Evans (2001). These
predictions have an uncertainty of over 1 MHz above 700 GHz,
and over 20MHz around 2 THz. Surprisingly, the newmeasure-
ments (Table 7) are in better agreement with older predictions
in the JPL database (Pickett et al. 1998), which show a differ-
ence not greater than 50 kHz with the present measurements. In
Table 8 the data used to obtain the two spectroscopic parameters
is listed. The new fit leads to a significant improvements on the
uncertainty of B and 2 orders of magnitude improvement for D.
Attempts were made to fit the sextic centrifugal distortion pa-
rameter, but it was not well defined, and the fit was not improved.
4. DISCUSSION
The present work provides newlymeasured rest frequencies for
one of themost important astrophysicalmolecules in the operating
range of Herschel HIFI, a higher frequency than that usually
available from Earth-based telescopes. Our aim has been to pro-
vide predictions that can be usedwith confidence up to the highest
frequencies available with HIFI (around 1.9 THz).
These measurements illustrate some data and analysis issues.
The first is that systematic errors in laboratory experiments can
make extrapolation of predictions to higher frequency hazard-
ous, even when measurements have very low uncertainty and
fit well. This problem is graphically indicated in Figure 2. The
J-value corresponding to the top of the HIFI range is around 20.
It can be seen from the slope (deviation vs.J ) of some of the data
sets that predictions which extrapolate aboveJ ¼ 15 would have
systematic errors of over 1MHz. In laboratory measurements of
ions, there is a specific difficulty relating to Doppler shift in the
electric field of the discharges used to create the ions, but sys-
tematic errorsmay also be present inmeasurements of any species
due, for example, to absolute frequency calibration. A similar ex-
trapolation problem arises when limited data sets lead to apparently
precise, but possibly offset, predictions based on an insuffi-
cient number of determinable molecular parameters. All the re-
cent measurements taken on HCO+ can be considered as good in
the sense that they have measured errors of order (or less than)
100 kHz, a level usually acceptable for spectroscopic purposes. It
is the extrapolation to higher frequencies that may induce errors
outside of the supposed statistical uncertainty. Hence, the spectra
of as many species as possible should be measured over the range
of Herschel HIFI.
The second issue that merits stressing is the importance of
comparing data sets from different experimental groups and of an
open-minded consensus discussion of possible sources of error.
This sort of comparison is generally the best and perhaps the only
method for mitigating systematic errors. It is such a comparison
that gives us confidence that our measurements of HCO+ are not
affected by a significant Doppler shift. Similarly, the tight agree-
ment between our measurements and those of Caselli & Dore
(2005) for DCO+ and D13CO+ indicate that neither setup is sub-
ject to systematic errors, although it is always possible, but much
less likely, that both experiments suffer from identical systematic
errors. The authors are grateful to D. T. Halfen & L. M. Ziurys
(2006, private communication) for rechecking measurements
reported in Savage&Ziurys (2004) with the same AC discharge
cell probed with a single and double-pass quasi-optical align-
ments. These measurements, which were essentially identical
5 See also http://www.ph1.unikoeln.de/vorhersagen /.
TABLE 7
Transitions for H13CO+







1 0 86754.2884 1 "0.0018 0.0046
2 1 173506.7820 2 0.0835 0.080
3 2 260255.3390 3 "0.0044 0.035
5 4 433733.8327 4 0.0173 0.050
6 5 520459.8843 4 "0.0052 0.050
8 7 693876.2612 4 0.0084 0.050
9 8 780562.8120 4 0.0127 0.050
10 9 867232.4263 4 0.0164 0.050
11 10 953883.1712 4 "0.0317 0.050
13 12 1127120.8128 4 0.0041 0.050
References.— (1) Schmid-Burgk et al. 2004; (2) Bogey et al. 1981;
(3) Gregersen & Evans 2001; (4) This work.
TABLE 6






B ................................. 35366.70960(47) 35366.70968(14)
D................................. 0.0534069(60) 0.05340835(266)
H ; 106....................... 0.0416(247) 0.048(16)
! ............................. 0.0173 0.004
Note.—One standard deviation in units of last decimal place is given.
TABLE 8






B ........................................ 43377.3019(17) 43377.3011(27)
D........................................ 0.0784070(79) 0.07837(39)
!red................................. 0.44588 0.62077
! .................................... 0.297 0.493
Note.—One standard deviation in units of last decimal place is given. The
previous data used are from Schmid-Burgk et al. (2004).
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for the two configurations, are shown in Figure 1 and demonstrate
that the systematic error from Savage & Ziurys (2004) was not
due to a Doppler shift. This error is believed to have been due to
a small frequency offset of the crystal oscillator reference which
is no longer in use in that laboratory.
Another issue is the importance of adopting a common pro-
cedure for applying experimental precision to a model to ensure
that extrapolations are adequately constrained. Generally, in large
data sets a well-modeled spectrum has an rms residual that reflects
the uncertainty of the measurement, and a weighted fit produces a
reduced rms of unity. However, care should be taken with smaller
data sets that may not be statistically significant or with fits over
a limited region that may use an insufficient number of molecular
parameters. In this case it would seemprudent not to strive to force
the reduced uncertainty to one but to obtain errors on the param-
eters that reflect the experimentally estimated uncertainty. Some
confusion is apparent in the literature of HCO+, in which param-
eters are quoted without uncertainty or with uncertainties that
represent an unweighted fit. In our efforts to understand these
data sets, we reproduced fit parameters and uncertainties iden-
tical to those quoted in the respective manuscripts, but we chose,
in our final analysis, to perform a weighted fit that incorporates
5Y100 kHz uncertainties on most measurements. This choice re-
sults in a reduced rms much less than unity.
A final issue is closely related to the last. Astrophysicists using
spectroscopic data should be able to get a clear idea of the un-
certainty of a given prediction to a given confidence factor with-
out having to reproduce the spectral analyses themselves or
consider each time all the issues stated previously. This points
to presenting data in a homogeneous manner, as is strived to-
ward by databases such as CDMS (Mu¨ller et al. 2005) and JPL
(Pickett et al. 1998). Once assessed correctly, uncertainties
should be able to be clearly visualized using software such as
CASSIS.6
To summarize, the new data for HCO+ will be available online
on the JPL spectral line catalog (Pickett et al. 1998) and can be
used directly as input to software such as CASSIS to provide
predictions of spectra and intensity under different conditions and
to analyze observations. The catalog entry includes extrapolative
predictions that extend above the frequency range of HIFI, which
can be useful for the lower resolution instruments ofHerschel at
these frequencies. For the main isotopologue comparison of pre-
vious and new data sets has decreased uncertainty and increased
confidence on all predictions in the range of Herschel. For the
deuterated species, recent high-resolution higher frequency data
was already available but did not exceed 800 GHz. We measured
higher frequency transitions, providing an independent data set
for comparison. Combining the new data with the literature data
for the deuterated species, predictions were obtained with an es-
timated uncertainty of better than 1 part in 107 up to 2000 GHz.
The second goal of this work concerns specifically H13CO+. For
this species, previous predictions were based on just two rota-
tional lines obtained from astrophysical spectra, and hence, high-
resolution laboratory datawere needed.With our newmeasurements
two spectroscopic parameters are now well determined, and pre-
dictions up to 2 THz can be treated with much higher confidence.
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Abstract
We report new measurements of the rotational spectrum of monodeuterated methane ðCH3DÞ in the range of
690–1200GHz which allow for an accurate prediction of all lines in the range of the high-resolution spectrometer of the
Herschel Space Observatory. Comparison is also made with the previous analysis based on infrared combination
differences. Three lines of 13CH3D were measured in natural abundance.
r 2007 Elsevier Ltd. All rights reserved.
PACS: 98.35.Bd; 33.20.-t; 33.20.Bx; 33.20.Sn
Keywords: Methane; Line positions; Deuterated methane; Interstellar spectra
1. Introduction
We report extended measurements of the rotational spectrum of monodeuterated methane (CH3D). This
species is important for the study of planetary atmospheres and of the interstellar medium (ISM).
Since the first detection of CH3D in the atmosphere of Jupiter [1], the deuterium-to-hydrogen (D/H) ratio
has played a major role in the study of the origin and evolution of planetary atmospheres (e.g. [2]). The large
mass difference between hydrogen and its isotope deuterium induces significant differences in both the
thermodynamics and the kinetics of various processes, such as thermal escape, chemical reactivity and
condensation, resulting in an isotopic fractionation. Therefore observed D/H ratios act as tracers of the
physical and chemical history of planetary atmospheres as they evolve from the initial interstellar ices and
gases. CH3D has been observed on Jupiter [3,4], Saturn [5,6], Titan [7–10], Uranus [11,12] and Neptune [13]
by, for example, ISO and the IRIS instrument on Voyager. The weaker rotational spectrum of CH4 has been
observed with the CIRS instrument on Cassini and has been used to determine the methane abundance in
Saturn and Titan: see Ref. [14] (Saturn) and Ref. [15] (Titan). Recently the Cassini-CIRS instrument has also
reported measurements of the isotopic methane species CH3D [16] and 13CH3D [17] on Titan.
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The deuterium present in the atmospheres of the giant planets is thought to be representative of the
protosolar composition, a quantity of high interest in astrophysics [18]. The D/H ratio of methane has also
been used to estimate the formation temperature of cometary molecules [19]. The authors used this
determination as an evidence that our Sun was born in a warm cloud of 30K rather than a cold one at 10K. It
should be noted that this conclusion was based on the non-detection of CH3D in the near-infrared.
The launch of the Herschel Space Observatory in 2008 will enable measurements of astrophysical spectra in
the far-infrared that are not possible from earth-based observatories because of the atmospheric absorption.
In particular the HIFI instrument will allow for very high-resolution spectral studies to be taken over a wide
spectral range from around 500–1900GHz, increasing the region in which new spectral lines can be searched
for and allowing wide and long scans unaffected by local weather conditions. Laboratory spectral data for
CH3D in this region are lacking and only three precisely measured rotational transitions, all below 500GHz,
have been reported.
Chemical models predict methane to be one of the most abundant polyatomic species in dense interstellar
clouds and it is thought to have enhanced abundance in hot, dense gas such as the Orion hot core region
because of evaporation from grain mantles. Although its rovibrational spectrum has been detected toward
IRC +10216 [20], vibrational excitation is limited in interstellar molecules, especially in regions of extended
gas that dominate molecular clouds, since even toward star-forming objects temperatures are typically only
around 10–100K. Hence, infrared spectra must be measured in absorption. Furthermore, vibrational spectra
cannot be used to study far inside clouds containing dust since the latter absorbs and scatters infrared
radiation. However, far-infrared radiation can penetrate throughout the cloud. Since it is completely
symmetric CH4 has no permanent dipole moment and is not easily identified in the ISM from its rotational
spectrum.
The dipole moment of CH3D that arises from the isotopic substitution is small but non-zero (!6" 10#3D)
[21,22]. This being measured via direct absorption methods in the THz spectrum at low resolution and using
the electric resonance spectrum in the first two rotational states. The dipole was later shown to have a
significant rotational dependence [23]. CH4 also has a centrifugally induced dipole moment that is around a
1000 times weaker than the isotopically induced electric dipole of CH3D [24]. The cosmic elemental D/H ratio
is expected to be around 1:522:3" 10#5 (see, for example, Ref. [25]). However, for molecular species the
fractionation ratio, defined as the ratio of the column density of a deuterated molecule to its hydrogen
counterpart, is found to be up to five orders of magnitude higher than this elemental abundance ratio [26]. The
deuterium enhancement results from chemical processes, which can involve both gas-phase and surface
reactions. Hence it is not clear whether CH3D or CH4 is most likely to be first detected. An attempt to identify
CH3D in Orion proved inconclusive [27], giving an upper limit to the column density of the order of 10
18 cm#1.
The ALMA interferometer which will come progressively into service at the end of this decade will give not
only high spatial resolution allowing searches to concentrate on specific areas of supposed high concentration
but also highly increased sensitivity due to the cumulative surface area of the array of telescopes used
(up to 64).
Previous laboratory measurements of the rotational spectrum of deuterated methane have been limited by
available technology. Until recently only three lines had been measured, the Jð0! 1Þ, by Pickett et al. [28],
and the two K-components of Jð1! 2Þ by Womack et al. [27], who also measured the first transition as well.
The predictive analysis available from ground-state combination differences (GSCDs) [29] and the available
pure rotational data have been the basis of the JPL catalog compilation. The present work extends the basis of
high precision pure rotational data.
We now report 12 new measured rotational frequencies in the range of 697–1162GHz, completing
measurements of the rotational spectrum up to J 0K 0 ¼ 54.
2. Experimental
The measurements were carried out at JPL. The spectrometer system has been described earlier [30,31].
Briefly, a millimeter-wave module, with 10–100mW of output power, and a series of commercial (Virginia
Diodes) and JPL built multiplier chains were used to produce THz radiation. The radiation source was a
sweep synthesizer phase-locked to a frequency standard with a precision of one part in 1012; so the frequency
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error depends entirely on determining the line center. Tone burst modulation was employed and the cell was
used in a double-pass arrangement, giving 2m total length. The detector was a Si bolometer cooled to 2.1K
with pumped 4He liquid.
In order to search for lines we first made predictions using the constants obtained by Ulenikov et al. [29].
A scan was made for each successive J value, including all K-components. Conditions were optimized in the
929GHz range, with a good compromise between linewidth and signal-to-noise (S/N) obtained at 280mTorr.
The cell was at room temperature. In the 929 GHz range, where the strongest source was available, four
identical scans were co-added and gave sufficient S/N for precise frequency measurements. In the other
frequency regions, longer (overnight) observation times were used (697GHz—50 scans and 1162GHz—97
scans co-added). Two spectral scans are shown as examples in Fig. 1.
3. Analysis
In the attempt to identify monodeuterated methane in Orion, Womack et al. [27] also provided new
measurements for the Jð1! 2Þ and Jð0! 1Þ transitions which allowed three molecular parameters, B0, DJ
and DJK to be determined. Starting from these data a global microwave analysis was performed, including our
measurements, from Jð2! 3Þ to Jð4! 5Þ, using Pickett’s [32] SPFIT and SPCAT programs. All the
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697820697650 697684 697718 697752 697786
Frequency (MHz)
22 -> 32
20 -> 3021 -> 31
Prediction
930250929902 929972 930041 930111 930180
Frequency (MHz)
30 -> 4031 -> 4132 -> 4233 -> 43
Prediction
Fig. 1. Extract of two scans with (top) and without (bottom) numerical derivative filter for removing the baseline. Predictions of the
transitions from the microwave-fit are also shown. The two additional lines probably result from trace contamination; ethanol was used to
clean the cell but there is no obvious assignment.
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transitions included in the microwave fit and the corresponding residuals (observed! calculated) are listed in
Table 1. A 50 kHz uncertainty was assumed for all our measurements, except the 40 ! 50. In this case the line
is too close to a stronger transition of another unidentified species.
CH3D is a C3v prolate symmetric top. The pure rotational Hamiltonian leads to the following energy levels
[33]:
EðJ;KÞ=h ¼ B0½JðJ þ 1Þ ! K2' þ A0K2 !D0JJ2ðJ þ 1Þ2 !D0JKJðJ þ 1ÞK2 !D0KK4
þH0JJ3ðJ þ 1Þ3 þH0JKJ2ðJ þ 1Þ2K2 þH0KJJðJ þ 1ÞK4 þH0KK6. ð1Þ





K cannot be obtained by the analysis of a pure rotational spectrum. They can, however, be
derived by combination differences from rovibrational spectra and ‘‘perturbation allowed’’ transitions, with
DJ ¼ 0 and DK ¼ (1;(3.
The K ¼ 3 energy splitting of a generic rotational level J can be derived from the off-diagonal elements of
the Hamiltonian, and is
DJ3 ¼ 2JðJ þ 1Þ½h03 þ hJ3JðJ þ 1Þ þ ) ) )'F ðJÞ, (2)
where
F ðJÞ ¼ ½JðJ þ 1Þ ! 2'½JðJ þ 1Þ ! 6'. (3)
Since it depends on the difference between the energy of the J and J þ 1 levels, this splitting is only observed
at higher values of J. Using the h3 constants reported by [29], the separation between the two K ¼ 3 states is
smaller than 100 kHz for J 00p5. For the K ¼ 3 transitions only a single line was observed with a width of
around 2.5MHz comparable to the other lines. Hence the splittings appear completely unresolved and no
improvement of the h03 constant and its centrifugal distortional corrections have been provided by our work.
In Table 2 we report the molecular parameters determined by our analysis, compared with the analysis of
Womack et al. [27]. We have improved the three parameters already determined; B0 is slightly better
determined, the uncertainty on DJ is reduced by a factor of three and that of DJK by 25. We also constrained
for the first time with microwave data three sextic constants.
Ulenikov et al. [29] present two Hamiltonians for the ground state of CH3D that include rotational
operators up to eighth order. The models were adequate to reproduce the GSCDs to within 5% of the
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Table 1
Measured transition used for the microwave fit
J 00 K 00 J 0 K 0 Frequency Residual Uncertainties
1 0 0 0 232 644:301a 37 75
2 1 1 1 465 235:540a !3 75
2 0 1 0 465 250:691a !9 75
3 2 2 2 697690.6269 4 50
3 1 2 1 697758.7502 !9 50
3 0 2 0 697781.4559 !4 50
4 3 3 !3 929926.5710 16 50
4 !3 3 3 929926.5710 16 50
4 2 3 2 930077.7603 !40 50
4 1 3 1 930168.4642 11 50
4 0 3 0 930198.6776 22 50
5 4 4 4 1161 860.7890 !12 50
5 !3 4 3 1162 125.1934 36 50
5 3 4 !3 1162 125.1934 36 50
5 2 4 2 1162 313.6641 !25 50
5 1 4 1 1162 426.6568 !33 50
5 0 4 0 1162 464.4099 72 75
Frequencies are in MHz; residuals and uncertainties in kHz. For assigned uncertainties see text.
aFrom Womack et al. [27].
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experimental uncertainty. Without published values for the GSCDs we were unable to make a direct
comparison of our measurements to this data set. Instead, the calculated energy levels listed in Ulenikov et al.
[29] were recalculated with SPFIT/SPCAT to ensure an identical model could be created; this procedure was
done for both Model 1 and Model 2 (see Table 2) and reproduced the energy values to 4! 10"6 and
7! 10"6 cm"1, respectively. This level of difference is expected for reproduction of a calculated data set that is
truncated in the 10"6 cm"1 digit. Using these exact models the new microwave data set was evaluated to have
the rms deviations of 189 or 193 kHz, respectively. The predicted uncertainties using Model 2 are
150–212 kHz. This is approximately 3.7 times the estimated uncertainty in the new microwave data and is a
direct measurement of the relative qualities of the data sets.
Three transitions of 13CH3D were also detected in natural abundance and are reported in Table 3.
Our measurements are compared with the predictions based on the A0, B0, D0K and D0JK constants reported
by Ulenikov et al. [38] from infrared combination differences.
4. Conclusion
We have performed an extended analysis up to the THz region of deuterated methane. Methane is a key
molecule for astrophysics and for understanding chemical evolution of interstellar medium. Theoretical works
[34–36] and laboratory measurements [37] have predicted and observed pure rotational spectra of Td
symmetry spherical tops such as methane; however, the rotational transitions that occur are weak and have
not yet been detected in the ISM. Since deuterium enrichment may make CH3D more easily detectable than
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Table 2
Molecular constants of CH3D
Constant Microwave (MHz) Ref. [22] (MHz) Ref. [24] (MHz)
A – – 157 415.656(53)
B 116 325.2840(145) 116 325.309(12) 116 325.271(27)
DJ 1.57594(96) 1.5796(21) 1.57781(12)
DJK 3.79343(226) 3.79(3) 3.79039(46)
DK – – "2.367339(47)
HJ ! 103 "0.0280(191) – 0.04301(16)
HJK ! 103 0.583(60) – 0.36410(19)
HKJ ! 103 "0.490(90) – "0.2015(17)
HK ! 103 – – "0.0493(15)
LJJK ! 106 – – "0.0355(22)
LJKK ! 106 – – 0.0447(51)
~h3 ! 106 – – 0:9744ð65Þa
~!! 101 – – 0:96a
MWRMS 0.029 – 0.194
sRMSb 0.519 – 3.77
Standard errors (1s) in parentheses refer to the least significant digits. MWRMS are the averages of the least-squares residuals of the fits.
a ~h3 and ~! are defined in Ref. [29], ~! is a fixed parameter.
bDimensionless, weighted standard deviation of each fit.
Table 3
Measured transitions of 13CH3D
J 00 K 00 J 0 K 0 Frequency Residual Predicted [33]
4 3 3 3 929132.1265 "13 929130.7
4 1 3 1 929376.0805 120 929375.6
4 0 3 0 929406.3318 "106 929406.2
Frequencies are in MHz; residuals in kHz. The assigned uncertainties is 200KHz for all the lines.
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CH4, it is important to have a precisely determined microwave spectrum for both. The Atacama Large
Millimeter Array (ALMA) with unprecedented spatial resolution and sensitivity could allow spatially resolved
determination of the D=H ratio.
The aim of this work is principally to provide accurate line frequencies for astrophysics and planetary
science in the range to be opened by the next generation of radiotelescopes and far-infrared instruments. The
A0, D0K and H0K constants could not be determined from the new microwave data alone. For completeness
we hence also compared to previous data from infrared combination differences [29]. However, these
constants should not be necessary for accurate predictions for radioastronomy.
Rotational lines of 13CH3D have been reported for the first time.
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ABSTRACT
We have measured new submillimeter-wave data around 600 GHz and around 1.1 THz for the 13C isotopologue of
formic acid and for the two deuterium isotopomers; in each case for both the trans and cis rotamer. For cis-DCOOH
and cis-HCOOD in particular only data up to 50 GHz was previously available. For all species the quality and quan-
tity of molecular parameters has been increased, providing new measured frequencies and more precise and reliable
frequencies in the range of existing and near-future submillimeter and far-infrared astronomical spectroscopy instru-
ments such as Herschel, SOFIA, and ALMA.
Subject headinggs: catalogs — ISM: molecules — methods: laboratory — molecular data —
solar system: formation
Online material: color figures
1. INTRODUCTION
Formic acid (HCOOH) is the simplest organic acid and the
first identified in the interstellar medium (Zuckerman et al. 1971).
It has been observed principally in star-forming regions such as
Orion KL, Sgr B2, Sgr A, andW51 (Liu et al. 2002, 2001; Minh
et al. 1992; Winnewisser & Churchwell 1975) and is associated
with hot cores and massive star formation. Recently, it has also
been shown to be present in some hot corinos (for example, that
around IRAS 16293!2422) associated with formation of stars
similar to our Sun (Bottinelli et al. 2007; Cazaux et al. 2003).
Several detections in the cold dark cloud L134N/L183 (Irvine
et al. 1990; Turner et al. 1999; Requena-Torres et al. 2007) have
also been reported. Formic acid is also present in chondritic
meteorites (Briscoe & Moore 1993), and millimeter-wave lines
have been observed in outgassing from the Comet Hale-Bopp
(Bockele´e-Morvan et al. 2000). It is a species of intermediate
complexity and, as such, may indicate the transition between
simpler species that are formed in the gas phase and complex
hydrogenated species like CH3OCHO that are believed to form
by grain chemistry (Turner et al. 1999). The detection of icy
HCOOH in star-forming regions (e.g., Keane et al. 2001) and
dense molecular clouds before the onset of star formation (Knez
et al. 2005) indicates that its formation occurs on grain surfaces
during the cold phase of star formation, but gas-phase formation
processes cannot yet be ruled out. Since it shares common struc-
tural elements with biologically important species such as ace-
tic acid and glycine, the study of formic acid should aid future
searches for these molecules and give information on possible
reaction paths.
Formic acid has also been observed throughout the Earth’s
troposphere in liquid, aerosol, and vapor phases (see, for example,
Khare et al. 1999) and is an important oxygenated volatile or-
ganic compound (OVOC). Formic acid has two rotameric iso-
mers, defined by whether the twoH-atoms are cis or trans to each
other. Both rotamers are near prolate asymmetric topswith a planar
structure and Cs symmetry (Lerner et al. 1957; Winnewisser et al.
2002). The cis rotamer lies approximately 1365 cm!1 higher in
energy than the trans. The latter is hence about 800 times more
abundant at room temperature and the trans rotamer is assumed
if not otherwise specified in the text. All the radioastronomical
observations reported above refer to the trans rotamer and the
main isotopologue, since to our knowledge, there are no clear de-
tection of the other species so far. Possible identifications of the
other trans isotopologues are reported on the NIST Web data-
base4 of recommended rest frequencies for observed interstellar
molecular microwave transitions.
Many studies have been devoted to trans-formic acid. The
microwave and millimeter-wave rotational spectrum has been
studied since the beginning of the 1950s (for example, Bellet
et al. 1971b) and a list of works before 1978 can be found in
Willemot et al. (1980). For HCOOH the components of the dipole
moment along the a- and b-axes have values of, respectively,
1.4071(8) and 0.227(10) D (Weber et al. 1987). The hyperfine
structure due to the interaction with the nuclear spin of the pro-
tons is only a few kHz for even the lowest transitions and has
only been measured at radio frequencies using a molecular-
beam spectrometer (Chardon et al. 1976). Several studies have
been carried out on the isotopologues and determined substitution
structures (Lerner et al. 1957; Bellet et al. 1971a; Wellington
Davis et al. 1980; Willemot et al. 1978). Work has been done by
both Fourier transform infrared (FTIR) and microwave spec-
troscopy on the vibrational states (Baskakov et al. 2006b and
references therein) including the two lowest !7 and !9 (for ex-
ample, Baskakov et al. 2006c) most pertinent to astrophysical
detection.
The cis form was first detected by microwave spectroscopy
and the components of the dipole moment determined as "a ¼
2:65(1) D and "b ¼ 2:71(1) D (Hocking 1976). Later, rotational
constants of several isotopologues were determined leading to a
substitution rs structure (Bjarnov&Hocking 1978). The analysis
of the rotational spectrum was recently extended to the sub-
millimeter wave range (Baskakov et al. 2006a).
Recently, detailed ab initio calculations have been carried out
for both the cis and the trans rotamers (Demaison et al. 2007).
The quadratic, cubic, and semidiagonal quartic force fields of
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cis - and trans-formic acid were calculated using three different
levels of theory. A semiexperimental equilibrium structure was
derived from experimental ground state rotational constants and
rovibrational interaction parameters calculated from the ab
initio force field.
The references above concerning the rotational spectrum of
formic acid are limited to the millimeter-wave and microwave
regions (below around300GHz).With the launch of theHerschel
Space Observatory, it is important to have predictions for astro-
physically relevant molecules like formic acid between 480 and
1910 GHz (the operating range of the high-resolution spectrom-
eter HIFI) with accuracies better than 1MHz and preferably better
than 100 kHz. In addition, predictions at higher frequency may be
required for the other lower resolution instruments. Previous work
has shown that extrapolations of spectra from lower frequency
laboratory measurements may not only be inaccurate but also that
predicted uncertainties may be misleadingly smaller than actual
shifts (see, for example, Drouin et al. 2006; Lattanzi et al. 2007).
The spatial distribution of complex organic molecules (COMs)
like formic acid and its correlation with grains and temperature
should give valuable clues to the creation and destruction routes
of these species. Spatial resolution generally improves with in-
creasing in frequency. Frequency coverage of the ALMA inter-
national interferometer (whichwill be operating in the next decade)
will be restricted by atmospheric absorption, but measurements
up to 900 GHz should be possible. ALMAwill be very sensitive
to the detection of COMs not only because of the combined de-
tecting area of up to 80 antennas, but also because of its high
spatial resolution that could be used to focus on regions of high
concentration. Hence the study of the cis isomer and isotopo-
logues of formic acid would seem feasible. These could be used
as probes of the physical conditions and of formation reactions
in the regions where they are observed. In particular, it would be
interesting to see if the overabundance of deuterium isotopologues
observed for other species (see, for example, Parise et al. 2006)
also occurs in formic acid.
The submillimeter-wave spectrum of trans- and cis-HCOOH
and trans-H13COOH has recently been measured at Cologne be-
tween 835 and 993 GHz by Winnewisser et al. (2002), who also
report lower resolution far-infrared Fourier transform spectra for
the same species between 20 and 100 cm!1 (600 and 3000 GHz).
The objectives of this work were to measure for the first time
high-frequency rotational transitions of the two deuterated iso-
topologues DCOOH and HCOOD and to give at the same time
complementary data for H13COOH.
2. EXPERIMENTAL
The measurements were carried out at the Jet Propulsion Lab-
oratory (JPL) using the spectrometer system developed there and
described in detail elsewhere (Drouin et al. 2005; Maiwald et al.
2005). Briefly, a millimeter-wave module, with 10Y100 mW of
output power, and a series of commercial (Virginia Diodes) and
TABLE 1
trans-H13COOH Values
Parameter /Units Our Analysis Previous
A/MHz .................................... 75580.8709(20) 75580.8205(20)
B/MHz .................................... 12053.56814(17) 12053.56907(17)
C/MHz .................................... 10378.99931(16) 10378.99871(16)
!J / kHz ................................... 9.92780(13) 9.92604(22)
!JK / kHz ................................. !84 .7656(30) !84.7022(22)
!K / kHz................................... 1672.824(37) 1670.588(24)
!J / kHz..................................... 1.982195(51) 1.982587(92)
!K / kHz .................................... 41.9738(46) 41.996(19)
"J /Hz...................................... 0.012327(31) 0.011898(79)
"JK /Hz.................................... 0.1461(46) 0.0978(81)
"KJ /Hz ................................... !10.617(16) !9.871(28)
"K /Hz ..................................... 116.65(24) 107.90(58)
"J /Hz ...................................... 0.005819(14) 0.005865(31)
"JK /Hz .................................... 0.0785(22) 0.0982(64)
"K /Hz ..................................... 16.51(20) 14.10(40)
LJJK /mHz ................................ !0.01087(69) !0.00431(37)
LKKJ /mHz ............................... 0.958(13) . . .
lKJ /mHz .................................. !0.496(29) . . .
LK /mHz................................... . . . 2.501(35)
Notes.—One standard deviation in units of the last decimal place is given in
parentheses. Previous values from Baskakov et al. (2006c).
TABLE 2
trans-DCOOH Values
Parameter/Units Our Analysis Previous
A/MHz .................................... 57709.2246(10) 57709.2359(16)
B/MHz .................................... 12055.97980(23) 12055.98297(40)
C/MHz .................................... 9955.61071(24) 9955.61211(41)
!J / kHz ................................... 9.44044(17) 9.44049(65)
!JK / kHz ................................. !39 .5883(15) !39.5749(40)
!K / kHz................................... 757.705(13) 757.707(44)
!J / kHz..................................... 2.226002(33) 2.22726(28)
!K / kHz .................................... 37.5636(22) 37.510(17)
"J /Hz...................................... 0.012078(39) 0.01064(25)
"JK /Hz.................................... 0.1916(15) 0.244(17)
"KJ /Hz.................................... !4.5734(47) !4.639(57)
"K /Hz ..................................... 33.384(48) 33.21(25)
"J /Hz ...................................... 0.0059522(75) 0.00708(11)
"JK /Hz .................................... 0.10299(72) . . .
"K /Hz ..................................... 7.926(40) 9.57(47)
LJJK /mHz ................................ !0.00558(22) . . .
LKKJ /mHz ............................... 0.2427(21) . . .
lKJ /mHz .................................. !0.0971(57) . . .
Notes.—One standard deviation in units of the last decimal place is given in
parentheses. Previous values from Baskakov (1996).
TABLE 3
trans-HCOOD Values
Parameter/Units Our Analysis Previous
A /MHz.................................... 66099.4233(17) 66099.4337(20)
B/MHz .................................... 11762.55683(29) 11762.55737(29)
C/MHz .................................... 9969.96440(30) 9969.96432(28)
!J / kHz ................................... 10.20172(22) 10.19714(60)
!JK / kHz ................................. !59 .2283(25) !59.2345(33)
!K / kHz................................... 989.3958(29) 989.421(27)
!J / kHz..................................... 2.153715(40) 2.15391(18)
!K / kHz .................................... 43.4084(37) 43.393(11)
"J /Hz...................................... 0.014245(41) 0.01049(39)
"JK /Hz.................................... 0.2244(39) . . .
"KJ /Hz.................................... !6.285(17) !5.459(17)
"K /Hz ..................................... 50.27(15) 49.63(13)
"J /Hz ...................................... 0.006393(10) 0.00602(13)
"JK /Hz .................................... 0.1043(14) 0.2147(96)
"K /Hz ..................................... 12.92(13) 3.73(10)
LJJK /mHz ................................ 0.431(22) . . .
LKKJ /mHz ............................... !0.01126(56) . . .
lKJ /mHz .................................. !0.413(20) . . .
Notes.—One standard deviation in units of the last decimal place is given in
parentheses. Previous values from Baskakov et al. (1999b).
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JPL-built multiplier chains are used to produce terahertz radia-
tion. The radiation source is a sweep synthesizer phase locked
to a frequency standard with a precision of 1 part in 1012, so the
frequency error depends entirely in determining the line cen-
ter. Tone burst modulation (100 kHz tone, 0.5 kHz burst, 0.10Y
0.15 Vamplitude) is used as well as a tunable yttrium iron garnet
(YIG) filter for suppression of spurious harmonics. A double pass
of the microwave radiation through the cell is used to improve
sensitivity. This is achieved using a polarizing beam splitter at
45! to the quasi-optical beam path between the source and the
cell. The beam splitter orientation is chosen to transmit a maxi-
mum of incident radiation; a rooftop reflector at the end of the
cell rotates the polarization by 90! and reflects the beam back
through the cell. The beam splitter then reflects the beam into a
composite Si bolometer cooled to 2.1 Kwith pumped 4He liquid.
The detector response is passed through a preamplifier, demodu-
lated by a lock-in amplifier at 0.5 kHz, and digitized for storage
and treatment by computer. The commercial ( ISOTEC) samples
were used at room temperature and in a static cell filled to 70mtorr
with sample. An air leak limited scanning time, and an upper pres-
sure limit of 250 mtorr (sample and air) was used. The cell was
conditioned each time the sample was changed. This was done by
filling the cell with the new sample at high pressure, leaving it
for several minutes, pumping it out, and repeating the procedure
several times. Significant contamination of previously scanned
isotopomers is still noticeable in subsequent scans.
3. ANALYSIS
Formic acid is a planar molecule with two rotameric config-
urations, trans and cis. Scans were performed around 600 and
1200 GHz in regions where major branches of the species over-
lappedwith optimum source power. For the trans species a single
scan was in general sufficient for good signal-to-noise ratios; for
the cis species up to 10 scans had to be co-added. The H13COOH
molecule was measured in the regions 597Y607 GHz and 615Y
650 GHz with some narrower scans in between, for the cis iso-
mer. In the higher range the scans were performed from 1.066 to
1.097 THz. DCOOHwas studied in the ranges 595Y650 GHz and
1.075Y1.095, 1.100Y1.111, 1.122Y1.152, and 1.167Y1.183 THz.
HCOOD was measured in the same regions with a slightly mod-
ified lower range of 587Y644 GHz and an additional measure-
ment between 1.187 and 1.196 THz. The SPFIT and SPCAT
programs (Pickett 1991) were used to fit each isotopologue sepa-
rately and to generate improved predictions that are available
on the JPLWeb site.
TABLE 5
cis-DCOOH Values
Parameter/Units Our Analysis Previous
A/MHz ...................................... 62653.4524(66) 62653.4395(87)
B/MHz ...................................... 11690.16785(83) 11690.1692(18)
C/MHz ...................................... 9837.91632(65) 9837.9145(18)
!J / kHz ..................................... 7.86216(45) 7.899(29)
!JK / kHz ................................... "23 .636(12) "22.94(48)
!K / kHz..................................... 957.18(11) 954.4(11)
!J / kHz....................................... 1.65774(24) 1.6633(34)
!K / kHz ...................................... 37.457(36) 37.541(94)
"JK /Hz...................................... 0.0989(60) . . .
"KJ /Hz...................................... "3.522(56) . . .
"K /Hz ....................................... 43.78(58) . . .
Notes.—One standard deviation in units of the last decimal place is given in
parentheses. Previous values from Bjarnov & Hocking (1978).
TABLE 6
cis-HCOOD Values
Parameter /Units Our Analysis Previous
A/MHz ....................................... 83962.816(16) 83962.785(22)
B/MHz ....................................... 10883.9446(17) 10883 .9413(29)
C/MHz ....................................... 9624.9474(18) 9624.9421(29)
!J / kHz ...................................... 6.6876(18) 6.733(36)
!JK / kHz .................................... "49 .378(41) "48.11(81)
!K / kHz...................................... 1993.69(43) 1984.4(48)
!J / kHz........................................ 1.06150(44) 1.0628(21)
!K / kHz ....................................... 33.567(54) 33.911(68)
"J /Hz......................................... 14.95(73) . . .
"KJ /Hz....................................... "3.06(52) . . .
"K /Hz ........................................ 118.2(42) . . .
"J /Hz ......................................... 0.00338(28) . . .
"K /Hz ........................................ "25.2(31) . . .
LJK /mHz .................................... "3.06(32) . . .
lKJ /mHz ..................................... 19.8(13) . . .
Notes.—One standard deviation in units of the last decimal place is given in
parentheses. Previous values from Bjarnov & Hocking (1978).
TABLE 7
trans Species
Isotopologues Major Branches Fit Other Lines
H13COOH ................... RQ8(Jmax = 47 ) # = 45 kHz Jmax = 56
QRKmax¼17 (50) #red = 0.70 Kmax = 25
N = 716(457)
DCOOH ...................... RQ12(Jmax = 48 ) # = 84 kHz Jmax = 66
QRKmax¼20 (52) #red = 0.98 Kmax = 32
N = 738(537)
HCOOD ...................... RQ10(Jmax = 47 ) # = 87 kHz Jmax = 59
QRKmax¼20 (50) #red = 0.90 Kmax = 22
N = 641(513)
Notes.—Branches with several transitions assigned and with the highest
quantumnumbers are reported here. The notation!Ka!JKa (Jlow) was used.Other
lines, eventually with higher quantum numbers, were used in the fit, and the
highest J and Ka are reported. The fit column gives the standard deviation, the
reduced error, and the numbers of lines used for the global analysis. In brackets
the numbers of lines assigned from our spectra.
TABLE 4
cis-H13COOH Values
Parameter /Units Our Analysis Previous
A/MHz .................................... 84201.7591(41) 84201.7544(67)
B/MHz .................................... 11687.51692(76) 11687.51738(73)
C/MHz .................................... 10249.65418(66) 10249.65471(65)
!J / kHz ................................... 8.2900(18) 8.2918(12)
!JK / kHz ................................. "69 .8443(97) "69.858(17)
!K / kHz................................... 2311.71(20) 2311.35(20)
!J / kHz..................................... 1.44685(51) 1.44669(52)
!K / kHz .................................... 40.477(20) 40.486(23)
"J /Hz...................................... 0.0056(11) 0.008366
a
"KJ /Hz.................................... "10.673(31) "11.37(47)
"K /Hz ..................................... 177.5(21) 181.70
a
"J /Hz ...................................... 0.00441(34) 0.00409(48)
"K /Hz ..................................... 20.44(41) 18.10
a
Notes.—One standard deviation in units of the last decimal place is given in
parentheses. Previous values from Baskakov et al. (2006a).
a Fixed at value for the ground state of cis-HCOOH.
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For all our measurements of the trans isomers, an uncertainty
varying from 50 to 75 kHz was assigned; a 100 kHz uncertainty
was used for the cis species. A higher value was given for lines
with poor signal-to-noise ratios or blended transitions.
Formic acid is a near-prolate symmetric rotor (!cis ¼ "0:96,
!trans ¼ "0:95 for the parent species). An A-reduced Watson
Hamiltonian (Gordy & Cook 1984) in the I r representation was
used for each isotopologue studied. All the molecular parameters
in the fits are defined positively except the quartic. The exact
molecular constants constrained for each species are reported in
Tables 1Y6.
3.1. trans-Isomers
For each species wemade a final global fit including data from
other authors. When the same transition had been remeasured by
the present study, our data was used since the estimated uncer-
tainty was in each case smaller. Table 7 summarizes the data used
for each species including the maximum quantum numbers as-
signed and the branches with the highest quantum numbers
among those extensively measured. For example, for H13COOH
the global fit was based on 716 assignments (610 measured)
and of these 457 (indicated in the table in parenthesis) are new
lines measured in this work. Other lines are taken fromwork by
Wellington Davis et al. (1980) below 185 GHz and from a recent
study by Winnewisser et al. (2002) in ranges 172Y366 GHz and
835Y993 GHz.
In addition to the new lines measured in the isotopically en-
riched sample we were able to include some lines identified in
natural abundance from spectra taken of the 12C species between
756 and 814 GHz. Lines of H13COOH, resulting from residual
contamination, were also identified during subsequent measure-
ments of DCOOH and as some of these were outside the range
of our previous measurements, they were also included in the fit.
For all subsequent measurements the cell was conditioned to
reduce contamination, avoid overlapping spectra, and facilitate
line identification. Figure 1 shows a 1.8GHz portion of theRQ8(J )
branch of H13COOH (with J from 27 to 12). The corresponding
Fig. 1.—Portion of RQ8(J ) branch for H
13COOH (middle). Prediction of the same branch (bottom) and power scan in the region (top) are also reported. [See the
electronic edition of the Supplement for a color version of this figure.]
TABLE 8
cis Species
Isotopologues Major Branches Fit Other Lines
H13COOH ........................ RQ7(Jmax = 39) " = 54 kHz Jmax = 39
QRKmax¼15 (28) "red = 0.92 Kmax = 17
N = 224(96)
DCOOH ........................... RQ10(Jmax = 55) " = 67 kHz Jmax = 55
QRKmax¼11 (27) "red = 0.68 Kmax = 11
N = 102(71)
HCOOD ........................... RQ7(Jmax = 42) " = 60 kHz Jmax = 58
QRKmax¼11 (28) "red = 0.66 Kmax = 11
N = 116(92)
Notes.—Branches with several transitions assigned and with the highest quan-
tum numbers are reported here. The notation!Ka!JKa (Jlow) was used. Other lines,
eventually with higher quantum numbers, were used in the fit, and the highest
J and Ka are reported. The fit column gives the standard deviation, the reduced
error, and the numbers of lines used for the global analysis. In brackets the num-
bers of lines assigned from our spectra.
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power scan is also shown and can explain small intensity fluc-
tuations. A comparison between the analysis from our work and
the most recent published study is reported in Table 1. It can be
seen that the higher order centrifugal distortion constants are now
better determined. In addition, we were able to well constrain the
LKKJ and lKJ octic parameters. It should be noted, however, that
we were not able to constrain the LK parameter from the new
data set, even without inclusion of the two new octic parameters
specified above. The choice of parameters was that which gave
the best fit. The new parameter choice is needed to fit the high-K
transitions, when these are not included LK may be fitted as it
was previously.
In the analysis of DCOOH, data from Bellet et al. (1971b) and
Baskakov (1996) were included. Lines from Bellet et al. (1971b)
and Baskakov et al. (1999b) were added to our HCOOD data set.
As can be seen from Tables 1Y3, the same set of parameters were
used to fit all the trans species. For both deuterated species all
centrifugal distortion parameters are better constrained and the
three octic constants have been determined for the first time. For
DCOOH, !JK has been constrained for the first time and an addi-
tional significant figure has been determined for the other sextic
parameters. ForHCOOD, significant changes in!JK and!K should
be noted, with !JK now taking a value much closer to that of
DCOOH and HCOOH. For HCOOD, an additional significant
figure has been determined for !J, and !JK has the uncertainty
reduced by 7.
3.2. cis-Isomers
Data used in the fits for the cis isomers are also summarized in
Table 8. The data for the ground state of cis-H13COOH, previ-
ously reported, consisted of 100 lines between 152 and 375 GHz
fromBaskakov et al. (2006a) and 28microwave transitions below
Fig. 2.—HCOOD 400 MHz scan near 1.1 THz. The simulations of the different isotopologues, present in the spectrum as contamination, are also shown. [See the
electronic edition of the Supplement for a color version of this figure.]
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47 GHz from Bjarnov & Hocking (1978). This data was merged
with our 96 new assignments for a global analysis, the param-
eters of which are given in Table 4. The values of the parameters
from the two different data sets are generally in good agreement
for the quadratic and quartic portions of the Hamiltonian (3 ! or
less, except "K for HCOOD). Three sextic parameters, !J, !K,
and#K, have been constrained for the first time and a fourth, sextic
term, !KJ, is determined with an additional significant figure.
Inclusion of the sextic constant !J improves the fit, even though
it is determined with an uncertainty of only 5 !.
For both of the deuterated species, the previous measurements
of the ground state have been reported by Bjarnov & Hocking
(1978). Respectively, 31 and 24 lines for cis-DCOOH and cis-
HCOOD below 50 GHz were added to our measurements giving
more than 110 lines up to 1.2 THz for each isotopomer. A com-
parison of the molecular parameters obtained with the previous
analysis using the low-frequency data is given in Tables 5 and 6.
There is a good global agreement between rotational and quartic
centrifugal parameters, although the latter are determined some-
what outside previous uncertainty boundaries. As is to be expected,
all parameters are better determined. For both of the isotopomers,
sextic constants have been determined for the first time, and for
cis-HCOOD the inclusion of two octic parameters improved the
fit. In both cases our work improves the number and quality of
determinable parameters.
An extract of a few hundred MHz of HCOOD spectrum is
shown in Figure 2. Simulations of the different isotopologues are
overlapped, and it can be seen how the contaminating spectra of
the species used for previous measurements are sometimes more
intense than cis isomer transitions in spite of the conditioning of
the cell. Despite this the high signal-to-noise ratio (S/N) allowed
for the assignment of almost all the RQ7(J ) lines to be made.
4. DISCUSSION
Recently, several publications, mostly by Baskakov (see, for
example, Baskakov 1999a, 1999b, 2003) on formic acid (including
the isotopologues and the cis rotamer) have been devoted to its
excited vibrational states, including infrared data andmicrowave
and millimeter-wave measurements of rotational transitions of
vibrationally excited molecules. Some of these publications have
given analyses both for the vibrational state considered and for the
vibrational ground state using combination differences. Our work
concerns uniquely the vibrational ground state and focuses on sub-
millimeter and terahertz data of 13C and deuterium isotopologues
in order to provide accurate measured and predicted frequencies
for interpretation of far-infrared spectra taken by near-future in-
struments such as HIFI on Herschel, SOFIA, and ALMA.
In particular, we have provided new high-frequency rotational
data for both rotamers of the two monodeuterated isotopomers
DCOOH and HCOOD. For the trans rotamers, only millimeter-
wave data below 335 GHz was previously available (Baskakov
1996; Bellet et al. 1971b). The new data allow for the determi-
nation of three octic parameters and improve other higher order
centrifugal distortion parameters. For each cis species only one
set of measurements below 50 GHz (Bjarnov & Hocking 1978)
has previously been published. For cis-DCOOH three sextic pa-
rameters, and for cis-HCOOD five sextic and two octic param-
eters, have been constrained for the first time. Other centrifugal
parameters are also better determined. Similarly, for cis-H13COOH
onlymeasurements below 370 GHz (Baskakov et al. 2006a) have
previously been reported, and two sextic and one octic parameters
have been newly constrained. For trans-H13COOH, Winnewisser
et al. (2002) recently published data to almost 1 THz; we have
increased the data set, filling in the 600GHz region and increasing
the maximummeasured frequency to almost 1.1 THz. The higher
order centrifugal constants have been improved.
It is also interesting to review for formic acid the previous state
of two major databases used by astronomers for interpreting
rotational spectra; that of the JPL5 and of Cologne University
(CDMS)6. These databases contained no entry for any of the cis
species except the parent cis-HCOOH(CDMS). For trans-DCOOH
and trans-HCOOD only an entry in JPL from 1980 existed before
this work, and all predictions were based on measurements up
to only 160GHz and 237GHz, respectively. For trans-H13COOH
a recent entry in the CDMS catalog is based on all measurements
except the new ones reported here; the new entry in JPL should
be slightly more precise.
To summarize, the present work provides new experimentally
determined frequencies in the terahertz region. The improvement
in the determination of the higher order centrifugal parameters
should make predictions of all lines more precise and reliable,
especially at the higher frequencies of the Herschel operating
range. All new predictions aremade available on the JPLWeb site.
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Abstract
Propane is present in many planetary atmospheres, as confirmed by vibrational spectroscopy in the infrared wavelengths. As the sim-
plest alkane with a permanent dipole moment, propane has a rotational spectrum. The relatively light atom framework causes the stron-
gest rotational transitions to appear in the submillimeter wavelength range. This fact, as well as the small dipole moment, have prevented
the molecule from being observed in the interstellar medium. Telescopes with high sensitivity at high altitude such as the Atacama Large
Millimeter Array or above the Earth’s atmosphere like the Herschel Space Observatory are likely to be sensitive enough for detection of
this species in the interstellar medium, planetary nebulae, hot cores and/or planetary atmospheres. We present the rotational spectra of
propane in its ground and first two excited vibrational states, measured through 1.6 THz. The ground state submillimeter spectrum is
approximated well by semi-rigid rotor. The submillimeter data has been combined with high resolution centimeter wavelength data
to enable analysis of the equivalent dual-hindered rotor torsional substates using a simplified version of a symmetric two-top Hamilto-
nian. The same model has been applied to the torsionally excited states that experience more large-amplitude motion and require addi-
tional tunnelling parameters.
! 2006 Published by Elsevier Inc.
PACS: 33.15 Mt; 33.20!t; 33.20 Bx
Keywords: Propane; Rotational spectroscopy; Submillimeter; THz; Internal rotation; Planetary atmospheres
1. Introduction
Propane is the simplest alkane with a small, 0.0848 D
[1], but permanent dipole moment. Due to its simplicity it
is well known in the Earth’s atmosphere as well as plane-
tary atmospheres. In the earth’s atmosphere propane is
produced by biomass burning and is an indication of pol-
lution in urban areas [2]. The local presence of light hydro-
carbons like propane over a region of the earth can be used
as a petroleum deposit indicator and around pipelines it
indicates the position of leaks [3].
Propane has been unambiguously identified in the atmo-
sphere of the Saturnian satellite Titan from its vibrational
band near 748 cm!1 using the Texas Echelon Cross Echelle
Spectrograph (TEXES) [4]. Titan, second in size only to
Jupiter’s Ganymede, is the only moon with a dense atmo-
sphere. Recent spectroscopic [5] and radar observations [6]
suggest that Titan has a complex terrain with evidence for
deposition and rearrangement of hydrocarbons and nitr-
iles (tholins) on its surface. It is believed that a network
of photochemical reactions leads from methane to the
formation of numerous heavier hydrocarbons, including
propane. Eventually these heavier hydrocarbons precipi-
tate on Titan’s surface through rain, snow, haze deposi-
tion, or other condensation processes. Titan is believed
to be a good model for the pre-biotic chemistry that has
lead to life on Earth. For example, ion mass chromatogra-
phy studies [7] have shown that after irradiation of an ice
mixture consisting of propane (or methane, or carbon
monoxide), ammonia, and water with 3 MeV protons, var-
ious amino acids were detected after acid hydrolysis (e.g.,
0022-2852/$ - see front matter ! 2006 Published by Elsevier Inc.
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glycine, alanine, and amino butyric acid). Propane was
also identified in Voyager and ISO infrared spectra of
Titan though the resolution of these spectra left every
band of propane blended with other emission features.
The TEXES instrument also detected emission of propane
near 748 cm!1 from Saturn [8]. Observation of propane on
Jupiter has been made by the Galileo probe’s mass spec-
trometer [9].
The presence of propane in the interstellar medium is
also possible. The first of the alkane family, methane, is
included in models of interstellar clouds and even in low
abundances is proposed to be the starting point of a rich
chemistry leading to the complex organic molecules
observed in dense interstellar clouds (see for example
[10,11]). However, the optical and infrared spectra of satu-
rated hydrocarbons are difficult to observe in dense molec-
ular clouds due to optical opacity. Longer wavelength
observations of the rotational spectrum favor molecules
with large dipole moments, making detection of saturated
hydrocarbons particularly difficult. Both methane and eth-
ane are non-polar molecules, although centrifugal distor-
tion in CH4 can give rise to a small induced electric
dipole [12]. However, early reports of the detection of rota-
tional lines of methane [13] were later disputed and detec-
tion of this molecule has been confirmed through its
vibrational spectrum [14]. Although not extensively stud-
ied, CH4 has been observed in the gas phase in the line
of sight of massive protostars, and in the solid state in
low resolution ISO and Spitzer spectra of low mass proto-
stars ([14] and references therein). The detection or non-de-
tection of propane in the sources where methane is found
will provide interesting information on grain chemistry
and molecular complexity. Ethane and methane have been
detected in comets with abundances that could be the result
of photolysis or ion irradiation processing of interstellar ice
grains mantles [15]. Laboratory studies show that propane
is formed after proton irradiation of CH4/H2O ices [16].
Since propane has a permanent dipole moment there is
the possibility to study it using radio, submillimeter and
far-infrared telescopes.
Propane (CH3CH2CH3) is an asymmetric top with C2v
symmetry [17]. The dipole moment is small, 0.0848 D [1]
but strong enough to observe a rotational spectrum. The
barrier to rotation of the two methyl groups is around
1110 cm!1 [18]. Several of the 27 normal modes and com-
bination bands are significantly populated at room temper-
ature. The two lowest energy modes are torsional in nature
and reported [19] at 217(8) cm!1 (m14, a2) and at
265(8) cm!1 (m27, b2). A detailed study of the m19, m18, m24,
and m4 bands in the 1300–1400 cm
!1 region has been
reported by Flaud et al. [20].
The ground state rotational spectrum of propane was
first measured in 1960 by Lide [17]. This study utilized
Stark-modulation to measure transitions up to 51 GHz
and determined the dipole moment, the rotational con-
stants for several isotopic species and a substitution struc-
ture. The dipole moment was subsequently remeasured by
Muenter and Laurie with greater accuracy using a parallel
plate cell [1]. The microwave spectrum in the excited tor-
sional states was first measured by Scharpen [21] and later
analyzed by Hirota, Matsumura and Morino [22]. Later
Hoyland [23] reported SCF calculations which indicated
that the internal rotation in propane can be described by
a simple equation involving the angles of rotation of the
two methyl groups, the potential energy of the rotational
barrier (V0) and that of the top–top coupling (V1). He re-
analysed the work of Hirota et al. and obtained estimates
for V0 and V1. Further analysis was carried out by Trink-
aus et al. [24] as well as Pacansky and Dupuis [25] who cal-
culated an ab initio structure for propane and suggested
that the tilt of the CH3 group be smaller than that deter-
mined by Lide.
Until 1985 only seven transitions up to J = 6 had been
measured. Then Bestmann et al. [18,26] obtained new Fou-
rier transform—microwave data between 6.4 and 26.5 GHz
and source modulation data between 140 and 300 GHz.
They were hence able to obtain quartic and four sextic cen-
trifugal distortion constants. The lower frequency measure-
ments showed observable torsional splittings for rotational
lines in the ground torsional state.
The Herschel Space Observatory, planned for launch in
2008, will completely open the far-infrared spectral region
for astrophysical spectroscopy. In particular the high-spec-
tral-resolution instrument HIFI will work in a range from
480 to 1910 GHz. With this high resolution it will be pos-
sible to unambiguously identify molecular species. Howev-
er, many different species show up in astrophysical spectra,
and in chemically rich objects, spectra have high spectral
density. HIFI will be capable of large spectral scans which
may contain up to tens of thousands of molecular lines. A
precise inventory, within its operating range, of the lines of
all known or potential astrophysical species is hence of the
utmost importance for the interpretation of these spectra
and the research for new species. This inventory should
come from laboratory measurements or predictions of high
accuracy. Often in the past, as for propane, rotational spec-
tra have only been measured at lower frequencies since
available technology made working at frequencies above
about 500 GHz very difficult. Even after careful fitting,
extrapolating predictions to higher frequencies and larger
quantum numbers results in errors due to effects of previ-
ously indetermined high-order constants that are fixed to
zero. Examples are given in Table 1 where several new
measurements around 600 GHz, 1.2 THz and 1.6 THz are
compared with predictions from the previous measure-
ments. For example, for propane a prediction of the
1919,1‹ 1818,0 transition near 1.1 THz (which should be
one of the strongest lines in this frequency range) using
only previously measured data was off by 20 MHz—a vast
distance for a high resolution apparatus such as HIFI. An
inventory of the lines in its operating range for known
species potentially present in space is hence important for
the interpretation of these spectra and the search for new
species.
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As the ALMA interferometer reaches full operating sta-
tus in the next decade the combination of around 60 anten-
nae and synthesized apertures of several ten’s of kilometers
will give unprecedented sensitivity. They will also offer tiny
beam sizes that can study the densest and most excited
regions without dilution from the surroundings. Hence,
much weaker lines will be observable than at present. Fur-
thermore, these advances require detailed spectral cata-
logues containing many isotopomers and vibrationally
excited species. This paper provides a spectral analysis that
will allow Herschel and ALMA to detect and eliminate
propane as a source of line confusion should it be present.
2. Experimental
Unpurified industrial propane was flowed through a 1-m
cell to maintain a pressure of approximately 30 mTorr. The
directly multiplied spectrometer system described by Drou-
in et al. [27] was employed with a series of multiplier chains
through 1.65 THz. A silicon bolometer was cooled to near
2.1 K with a reduced pressure liquid helium bath and was
used for detection. The radiation was used in a double pass
configuration to increase the effective path length. Tone-
burst modulation was employed to allow phase sensitive
lock-in detection of the bolometer response. Broadband
spectra were collected between 600–648, 1060–1160,
1167–1198, and 1618–1645 GHz. Typically, a single well-
predicted transition was measured with each source to
determine the appropriate sample pressure and modulation
depth before performing a band-wide sweep. A portion of a
spectrum is given in Fig. 1.
The spectrum in both the 600 and 1100 GHz regions
contain some interfering transitions of sulfur dioxide from
a previous experiment. Only the strongest lines from this
species are evident and these features did not hinder assign-
ment of the propane spectra. In the 1100 GHz spectra sev-
eral transitions due to hydrogen cyanide and its vibrational
and isotopic satellite spectra are visible due to impurities
present in the propane sample. Assignments began with a
prediction based on the analysis available online [28]. The
strong features in the 600–648 GHz range were readily
assigned with a semi-rigid rotor Hamiltonian based on rel-
ative strengths and predicted positions, further assignments
of weaker features and higher frequencies were completed
iteratively. Later, the splittings of ground state transitions
at low frequency [18] were included in a full torsion–rota-
tion analysis. Five hundred and nine unique spectral fea-
tures in the ground state spectra of propane have been
assigned up to Jmax = 76 and Ka(max) = 27 compared with
the previous Jmax = 41 and Ka(max) = 11. Similar spectra
Table 1
Comparison of predicted, measured and fitted frequencies of propane for selected transitions
J 0Ka0 ;Kc0 JKa;Kc Measured Predicted Error Fit Residual
600 GHz
1515,0 1514,1 614464.340 614469.665 5.325 614464.322 !0.018
1211,1 1110,2 636595.036 636595.749 0.713 636595.046 0.010
5515,41 5514,42 607800.616 607801.148 0.532 607800.601 !0.016
6416,48 6415,49 646590.450 646591.041 0.591 646590.444 !0.006
1100 GHz
1919,1 1818,0 1085130.488 1085150.428 19.940 1085130.421 !0.067
2019,2 1918,1 1101069.644 1101089.376 19.732 1101069.606 !0.038
4826,22 4825,23 1075531.995 1075626.905 94.910 1075531.954 !0.041
704,66 695,65 1078906.100 1078841.503 !64.597 1078906.156 0.055
1600 GHz
2928,1 2827,2 1618925.313 1619090.440 165.127 1618925.331 0.018
3028,3 2927,2 1634887.191 1635051.036 163.845 1634887.165 !0.025
4821,28 4720,27 1629625.720 1629640.403 14.683 1629625.909 0.188
6116,45 6015,46 1618890.515 1618860.420 !30.097 1618890.598 0.082
Predicted values are based on Ref. [26], fitted values are from this work. All frequencies and residuals (Measured frequency!Calculated frequency) are in
MHz.








Fig. 1. Propane m14, 1111,x‹ 1010,x, x = 0,1, torsional splitting pattern.
The EE and AE transitions are each a ‘c’-type asymmetry doublet.
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of the first two torsionally excited states were also observa-
ble in the broadband spectra, these states had not previous-
ly been assigned past Jmax = 5, Ka(max) = 0. Furthermore,
the torsional sub-state splittings of the excited states were
resolved for most transitions throughout the submillimeter
wavelengths. Approximately two-hundred torsional–rota-
tional transitions in each of these states were measured
and assigned.
3. Analysis
The spectrum is reminiscent of a b dipole asymmetric
top. Torsional splitting, when observed, is generally tightly
grouped about the expected semi-rigid rotor predicted fre-
quency. The high resolution spectra obtainable with het-
erodyne telescopes requires a full analysis of all
potentially observable spectral features.
The analysis of the rotational–torsional spectrum was
carried out with the SPFIT/SPCAT program suite [29]
and then verified with a previously tested effective Hamilto-
nian for dual rotors (ErHam) [30]. Both treatments assume
that torsional splitting of the rotational spectrum can be
effectively modelled using symmetry adapted Fourier oper-
ators. The parameterization is similar to that detailed by
Groner [31] in that Fourier series in energy and rotational
parameters are utilized for fitting experimental data and
that the periodic Hamiltonian terms originate from solu-
tions to the Mathieu equation that describes the three-fold
barriers to hindered internal rotation. In order to describe
the Hamiltonian within the input framework of SPFIT, the
symmetric dual rotor formalism Eq. (1) in the Ir represen-
tation has been conveniently truncated Eq. (2) within a
rotated internal axis system (RIAS) [32]"X




V 0;ið1# cos 3aiÞÞ
#
W ¼ EW; ð1Þ
Fi are the reduced rotational constants of each top, Pa
and Pb are the projections of the molecular rotation
onto the internal axes, pa,i are the angular momenta
of each top and qa,i, qb,i are the projections of the
top axes onto the internal axes. The barrier heights
V0,i define the three-fold potentials of the periodic tor-
sional coordinates ai. Use of a RIAS that is aligned
with the a-axis of the molecule simplifies the Hamiltoni-
an by treating only the projections of the top momenta
onto this axis
½2F ðpa # qaP aÞ2 # 2q2bP 2b # V 0ð1# cos 3aÞ&W ¼ EW: ð2Þ
In Eq. (2) the tops have been assumed to be equal, and first
order cross terms with qbPb have been ignored. Retention
of terms coupling qaPa and the projected momentum, pa,
indicates the choice of the a-axis for the RIAS and results
in periodic solutions for the Mathieu equation that are
parameterized by pure energy Fourier series in qaKavg as
well as Fourier series in qaKavg that expand the rotational
operators P 2b # P 2c and Pa. The second term in Eq. (2) does
not have a periodic K-dependence and thus is absorbed
into small offsets of the rotational parameters. Thus the q
value utilized for the SPFIT parameterization is effectively
qa, and the component qb, as well as the magnitude of q are
not determined. The implications of the RIAS choice for
SPFIT are evident in comparisons of the two spectral anal-
yses and will be discussed.
The formalism of the IAS in Groner [31] retains the indi-
vidual top quanta, K1 and K2, for the energy calculation.
This method allows full determination of the q vector
(Ref [31] fits magnitude and angle with the a-axis) as well
as more straightforward treatment of some inter-torsional
terms.
Top–top interactions, periodic structural deformations
and interactions with other vibrational states are treated
as perturbations using Fourier series in the rotation opera-
tors. Only Fourier expansions in energy, quadratic angular
momentum and quartic angular momentum were necessary
for this relatively high-barrier problem. The required num-
ber and magnitude of the Fourier terms increases with
proximity to the barrier, but all of the states fit to near
experimental precision once an appropriate number of
terms are fitted.
For each rotational operator a periodic operator can be
added to account for periodicity in the torsional potential.
The torsional substates are enumerated with a symmetry
number for each top r1 and r2, where ri = 0,1,2. Combi-
nations of r1 and r2, (r1,r2) = (0,0) correspond to the con-
ventional AA notation for one of the torsional substates.
The combinations (0,1), (0,2) and (1,1), (2,2) are each
equivalent and correspond to the EE and EA substates,
respectively. Finally, (1,2) corresponds to the AE substate.
Symmetry in this system requires that each torsional oper-
ator has a fixed relationship between the torsional substates
given by the equation:
for jqj „ jq 0j
Sqq0 ¼ cos 2pn ðqr1 þ q




ðq0r1 þ qr2 # ðq0 þ qÞqKÞ
! "
; ð3Þ
for q = #q 0
Sq#q ¼ cos 2pn qðr1 # r2 # 2qqKÞ
# $
: ð4Þ
Eqs. (3) and (4) show the form of Fourier series coefficients,
for even angular momenta, in an equivalent two–top prob-
lem, note that Kavg = (K 0 + K)/2 has been simplified to K.
A Fourier series for a given parameter/operator follows a
strict symmetry that determines coefficients of the term
for each torsional substate. The equivalent methyl rotors
give a three-fold symmetry (n = 3) to the parameters. The
similarities of these pairs and their complements (where
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r1 () r2) can be verified through substitution in Eq. (3).
Integer values of q and q 0 determine the order of the Fou-
rier series, and give the fixed ratios between substate terms.
For a symmetric dual rotor such as propane, complements
of q and q 0 are redundant, i.e. q() q0, and q = q 0 = 0 will
simply return a non-periodic parameter that is equivalent
to a rotational parameter. Transforming the terms by
removing the phase factors given by the ri gives the state
dependent Fourier coefficients listed in Table 2. Following
this transformation the substate specific periodic terms are
simply parameterized by qKavg. Symmetry allows cosine
terms for all substates, but the EE and EA substates have
sine terms as well. The presence of sinusoidal terms is what
generally requires a simultaneous fit to the problem, since
data sets are inherently finite in K and the intra-state com-
ponents of Fourier parameters will be correlated. Further-
more, the mixing character of the sinusoidal terms
naturally allows c-type transitions to occur within these
states.
Each row designated with a q,q 0 pair in Table 2 repre-
sents one set of coefficients to use in a torsional parameter.
In SPFIT these are defined through linkage of successive
parameter entries (a sine or cosine term for each substate).
The connected series allows the different operators desig-
nated for each substate to be determined as one single oper-
ator with the appropriate symmetry. The coefficients of
each of the Fourier operators correspond to the state-spe-
cific rn values which have been extracted from the transcen-
dental operator using trigonometric identities. These
coefficients are cosines and sines of the rotation angles 0,
p/3, and 2p/3. The four torsional substates are assigned
six vibrational state identifiers within SPFIT, two non-de-
generate states; v = 0 (AA) and v = 5 (AE) and two l-dou-
bled states; v = 1,2 (EE) and v = 3,4 (EA). The l-doubling
basis implicitly assigns symmetry relations between opera-
tors in the two paired levels, such that operators with even
symmetry are directly copied for each state and those with
odd symmetry are assumed to be real and multiplied by the
sign of l. With an l doubled basis for each pair of states
(v = 1,2 or 3,4) it is only necessary to define the operators
of the first state, such that no terms for states 2 or 4 are
explicitly defined in the parameter input. SPFIT format
operator IDs are given in Table 2 beneath each Fourier
coefficient to clarify which terms are fitted together, i.e.
the mkj values determine which rotational operator is
expanded. The operator/parameter IDs have been generi-
cally defined in Eq. (5) using m, k, and j, such that positive
integers define the usual reduced rotational Hamiltonian
operators (e.g. m = 0, k = 1, j = 1 represents !DJK).
P 2jP 2kz ðP 2þ þ P 2!Þðm!3Þ: ð5Þ
Additional integers in the 10th or 11th fields of the SPFIT/
SPCAT IDs define powers of cos(qKavg) or sin(qKavg),
respectively. Finally, the negative signs (of successive input
parameters) tie the ratios of the substate terms to that of
the initial, unsigned, term (usually the AA parameter
ID). This process completes the symmetry adaptation of
the Fourier operator. For the q = 0,3; q 0 = 0 terms, the
fixed ratios are all unity and therefore these terms can be
conveniently formed as mkj99 or 30000mkj99, using the
v = v 0 = 9 option in SPFIT that forces each of the param-
eters to effect all vibrational states.
Tables 3–5 show the Hamiltonian operators and their
fitted parameter values for each state. The Fourier series
parameter names are labelled with subscripts denoting
q, q 0 as given in Table 2, for the pure rotation terms
(q = q 0 = 0) the subscript is dropped. For the energy,
m = k = j = 0 this ‘pure’ Fourier term represents the tor-
sional splitting of the J = 0 level. A total energy term, fixed
to be equivalent to the negative of the AA energy term,
Table 2
Fourier series coefficients and SPFIT formalism
q, q0 AA EE EA AE ErHam*
— 1 1 1 1 qa
910099 910099 910099 910099
0, 0 1 1 1 1
P
0
00 11 33 55
1, 0 cos(2v) þ 14 cosð2vÞ ! 12 cosð2vÞ ! 12 cosð2vÞ 4!10
þ ffiffiðp 316Þ cosð2vÞ þ ffiffiðp 34Þ cosð2vÞ 4Tmkj10
10000mkj00 !10000mkj11 !10000mkj33 !10000mkj55
!110000mkj11 !110000mkj33
2, 0 cos(4v) þ 14 cosð4vÞ ! 12 cosð4vÞ ! 12 cosð4vÞ 4!20
! ffiffiðp 316Þ cosð4vÞ ! ffiffiðp 34Þ cosð4vÞ 4Tmkj20
20000mkj00 !20000mkj11 !20000mkj33 !20000mkj55
!120000mkj11 !120000mkj33
1, -1 cos(4v) þ 12 cosð4vÞ þ 12 cosð4vÞ cos(4v) 4!1!1
þ ffiffiðp 34Þ cosð4vÞ ! ffiffiðp 34Þ cosð4vÞ 4Tmkj1!1
20000mkj00 !20000mkj11 !20000mkj33 !20000mkj55
!120000mkj11 !120000mkj33
3, 0 cos(6v) cos(6v) cos(6v) cos(6v) 4!30
30000mkj00 !30000mkj11 !30000mkj33 !30000mkj55 4Tmkj30
v = pqKavg/3.
* In ErHam pure energy terms (m = 0, k = 0, j = 0) are explicitly defined in an IAS basis and are designated as !q;q0 , the torsional–rotational terms, T q;q0
are analogous to the SPFIT definition.
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assures that the minimum energy will be zero. In the ground
state, only the Fourier series of the energy and of the j = 1
Fourier operator are determinable. Tables 4 and 5 list the
torsion–rotational operators, their fitted parameters, as well
as the more extensive Fourier series operator and parameter
values determined for the torsionally excited states.
Rotational parameters with q > 0 are all small compared
to the pure rotation terms, with this relative magnitude
decreasing with the order of the rotational parameter.
The data sets contain many blended features which were
attempted to be fit as intensity weighted averages of the com-
ponent transitions.With this in mind there could also be sys-
tematic fitting problems associated with inaccurate intensity
predictions. Since there are no Coriolis or Fermi resonances
the intensities are readily predicted from the asymmetric top
basis along with appropriate spin weights for each substate
(see Table 6). Relative intensities of the torsionally excited
states are well reproduced by setting the minimum energies
(J = 0) to the band centers determined in Ref. [19]. As a rule,
the intensities used for the blend assignments were trans-
ferred from the SPCAT prediction during quanta assign-
ment. In general the simulated blends and patterns
matched the measured spectra quite well, see for example
Fig. 1. Intensity weights for ErHamwere transferred directly
from the same assignments for SPFIT.
Both programs fit the data well. The ErHam program
does not report rms of the fitted data because the least-
squares analysis is performed on the weighted data and
the reduced rms (rred) is thus the best indication of a good
fit. SPFIT reduces the weighted residuals and reports rred
as well, but also keeps track of the residual (in MHz) of
an intensity weighted blend, thus the reported rms values
for the SPFIT analyses reflect the unweighted residuals of
single and blended lines. The uncertainties given in Tables
3–5 are those given by each program. In the case of
ErHam, these uncertainties incorporate the rred values, in
the case of SPFIT, this factor must be applied to obtain
‘standard’ uncertainties.
With several low energy states, the propane partition
function must be carefully determined. Table 7 details the
values used to estimate the total vibration-spin-rotation
partition function Qvsr. Values are calculated for relevant
temperatures of planetary atmospheres and interstellar
objects. The first column Qrot simply calculates the rota-
tional contribution based on the measured ground state
rotational constants. Next the harmonic oscillator approx-
imation is used to determine the vibration contribution to
the partitioning Qvib(HO). For this calculation the
values of normal mode energies were taken from Ref.
[19] Table 3, which includes experimental data available
at the time. Furthermore, the partition function of only
the first three states (g.s., m14 and m27) was calculated, i.e.
Q3(HO), also using the harmonic oscillator approximation.
The ratio of this quantity to Qvib(HO) provides an estimate
of the error in the sum-over-states partition function
Qvsr(SOS) calculated exactly using SPCAT and the
Table 3
Propane (a1) ground state parameters
Operator ID Parametera SPFIT ErHam Units
910099 q 0.1511b 0.15611(55)
b 0.0 8.68(23) !
10099 A 29207.46703(44) 29207.46449(59) MHz
20099 B 8445.968574(142) 8445.968098(194) MHz
30099 C 7459.003063(148) 7459.003026(202) MHz
1000000000 4!10 !1.5278(74) !1.4727(10) MHz
1000000100 4 BþC2
! "
10 1.140(33) — kHz
299 !DJ !7.201790(144) !7.201377(197) kHz
1199 !DJK 0.02697583(56) 0.02697966(67) MHz
2099 !DK !0.15963112(272) !0.15959173(270) MHz
40199 !dJ !1.396774(38) !1.396750(51) kHz
41099 !dK !3.10346(314) !3.10017(428) kHz
399 UJ 8.260(53) 8.153(72) mHz
1299 UJK 0.01557(134) 0.01460(182) Hz
2199 UKJ !1.2207(49) !1.2033(66) Hz
3099 UK 3.4401(65) 3.3293(49) Hz
40299 /J 3.5915(95) 3.5886(129) mHz
41199 /JK 0.04131(73) 0.04077(100) Hz
42099 /K !0.077(40) !0.104(54) Hz
499 LJ !0.0213(56) !0.0133(76) lHz
3199 LJKKK 0.01410(146) 0.0025(18) mHz
4099 LK !0.0787(40) 0.0215(72) mHz
RMS 0.055 — MHz
rred 1.11 1.36
Each fit was to 509 measured frequencies. Parameter uncertainties (see text) are listed in parenthesis following each value, and are in units of the last
significant digit.
a Numerical subscripts indicate the q, q 0 of torsional parameters for which only the AA term is listed.
b SPFIT value is qa.
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Hamiltonian parameters determined with SPFIT. This
error simply relates to the fact that a significant number
of propane molecules are not in the lowest three energy
states above 100 K, and since these states were not included
in the SPFIT/SPCAT analysis, then Qvsr(SOS) is deficient.
For the SPCAT Qvsr(SOS) calculation, different maximum
J values were tested to verify convergence. Increasing the
maximum value of J from 79 to 89 changed the Qvsr(SOS)
less than 0.04%, a Jmax of 99 was used. In an effort to deter-
mine the most accurate Qvsr the ratio of Q3(HO)/Qvsr(HO)
was used to correct Qvsr(SOS) to give Qvsr(SOS + HO). The
SPCAT Qvsr(SOS) values are given in the penultimate col-
umn and the final column shows the recommended
Qvsr(SOS + HO) values. Compared to Qvsr(HO), the cor-
rected SPCAT Qvsr(SOS + HO) values at 300 K and
225 K are 18% and 8% different, respectively. Considering
the errors associated with the approximations made these
differences are likely to be appropriate error bars on the
values. For the JPL catalog listing the corrected SPCAT
Qvsr(SOS + HO) was utilized.
4. Discussion
In the ground state the parameter values determined
from each analysis follow each other tightly. Only the
smallest terms (at eighth order) differ outside the last few
significant digits. An extensive set of distortion constants
is not unusual for the large range of JKa;Kc covered in the
present study. The fit is essentially a semi-rigid asymmetric
top extension of previously reported Hamiltonians for the
propane ground-state given that all new transitions had
completely unresolved torsional substate contributions.
However, the previous studies [18,26] analyzed the torsion-
al splittings and the asymmetric top centrifugal distortion
separately and this work has combined these analyses into
a single framework.
Some of the parameters show notable torsional depen-
dence. The rotational constants can be reformulated into
planar moments of inertia which give the following values
Pcc(a1) = 4.693 amu A˚
2, Pcc(a2) = 4.709 amu A˚
2 and
Pcc(b2) = 4.777 amu A˚
2. These values are each consistent
with three sets of methyl(ene) hydrogens outside of the
ab plane. The relatively small change of Pcc upon excitation
from the ground (a1) to m14(a2) state is contrasted by a
modest, but larger change upon excitation to the m27(b2)
state. Therefore, it is possible that the b2 state contains
more out-of-plane heavy-atom torsion than a2. Grant
et al. report that these torsions are remarkably unmixed
with other vibrations, however the m27(b2) normal coordi-
nate contains roughly 6% less pure methyl torsion than
the m14(a2) normal coordinate. Although vibrational effects
on planar moments can be both positive and negative,
Table 4
Propane m14 (a2) torsional state parameters
Operator ID Parametera SPFIT ErHam Units
910099 q 0.1511b 0.15410(13)
b 0.0 11.41(14) !
10099 A 29168.78475(126) 29168.77855(215) MHz
20099 B 8432.38978(202) 8432.39292(331) MHz
30099 C 7449.48233(149) 7449.48331(240) MHz
1000000000 4!10 43.318(142) 43.045(160) MHz
1000000100 4 BþC2
! "
10 "42.15(46) 3.08(76) kHz
1000001000 4 A" BþC2
! "
10 37.54(76) "6.70(89) kHz
1000040000 4 B"C4
! "
10 "15.21(48) 2.32(80) kHz
2000000000 4!20 "60.8(289) — kHz
299 "DJ "7.19221(172) "7.19481(280) kHz
1199 "DJK 0.0267428(57) 0.0267519(93) MHz
2099 "DK "0.1593185(50) "0.1592825(85) MHz
40199 "dJ "1.38400(101) "1.38365(169) kHz
41099 "dK "0.792(35) "0.889(57) kHz
399 UJ 11.44(69) 12.03(113) mHz
1299 UJK "2.80(210) 1.88(333) mHz
2199 UKJ "1.2044(80) "1.2257(134) Hz
3099 UK 3.4106(82) 3.3356(138) Hz
40299 /J 5.14(47) 5.30(79) mHz
1000000200 "4DJ10 5.33(48) — Hz
1000001100 "4DJK10 7.92(189) — Hz
1000002000 "4DK10 "15.46(140) — Hz
1000040100 "4dJ10 4.04(53) "3.17(72) Hz
1000041000 "4dK10 "0.1384(55) — kHz
RMS 0.120 — MHz
rred 1.57 1.67
Each fit was to 192 measured frequencies. Parameter uncertainties (see text) are listed in parenthesis following each value, and are in units of the last
significant digit, /JK, /K, LJ, LJKKK and LK were fixed at corresponding values in Table 3.
a Numerical subscripts indicate the q,q 0 of torsional parameters for which only the AA term is listed.
b SPFIT value is qa.
B.J. Drouin et al. / Journal of Molecular Spectroscopy 240 (2006) 227–237 233
symmetry allowed dynamic mixing will tend to mix the b
type modes with other out-of-plane modes. So, the small
positive effect on Pcc is consistent with the symmetry
assignment as well as the expected weak coupling. There
is also a remarkable torsional dependence in the absolute
value of dK upon torsional excitation. Both analyses show
nearly identical values of !3.1 kHz for the ground state
and then the values increase by 2.4 kHz (SPFIT) and
2.2 kHz (ErHam) for the a1 state and another 1.7 kHz
(SPFIT) and 0.5 kHz (ErHam) for the b2 state. The /JK
constant is mostly indeterminate in the two excited states,
but fixing it at the ground state value (as is done for other
indeterminate parameters) makes the fits significantly
worse—this implies significant torsional dependence for
this parameter. Other distortion constants show little or
no torsional dependence.
For the excited states the similar rred values for both fits
to each state indicate that either both models are similarly
inadequate or that experimental precision is overestimated,
or both. The difficulties of adequately measuring center fre-
quencies of blended lines and subsequently fitting groups of
blended transitions favor the latter statement, as well as the
Table 5
Propane m27 (b2) torsional state parameters
Operator ID Parametera SPFIT ErHam Units
910099 q 0.1511b 0.15389(16)
b 0.0 12.26(23) !
10099 A 29090.84602(241) 29090.84360(295) MHz
20099 B 8415.2354(35) 8415.2361(40) MHz
30099 C 7445.8073(33) 7445.8011(39) MHz
1000000000 4!10 51.104(304) 51.503(285) MHz
1000000100 4 BþC2
! "
10 !48.77(107) 8.63(144) kHz
1000001000 4 A! BþC2
! "
10 44.31(85) !13.28(184) kHz
1000040000 4 B!C4
! "
10 !18.33(188) 9.72(270) kHz
1000000000 4!1!1 78.(38) — kHz
2000000000 4!20 !195.(64) — kHz
299 !DJ !7.01839(290) !7.01688(348) kHz
1199 !DJK 0.0245034(85) 0.0245229(102) MHz
2099 !DK !0.1383192(93) !0.1383168(118) MHz
40199 !dJ !1.35808(90) !1.35670(106) kHz
41099 !dK 0.872(48) !0.552(62) kHz
399 UJ 7.76(95) 6.71(115) mHz
1299 UJK 13.2(43) 4.18(508) mHz
2199 UKJ !1.3016(99) !1.2691(114) Hz
3099 UK 1.1972(94) 1.0901(110) Hz
1000000200 !4DJ10 5.39(87) — Hz
1000040100 !4dJ10 5.93(183) !10.2(26) Hz
1000041000 !4dK10 !153.2(103) — Hz
RMS 0.205 — MHz
rred 3.67 3.53
Each fit was to 202 measured frequencies. Parameter uncertainties (see text) are listed in parenthesis following each value, and are in units of the last
significant digit, /J,/JK, /K, LJ, LJKKK and LK were fixed at corresponding values in Table 3, similarly !4DJK10 and!4DK10 were fixed at values in Table 4.
a Numerical subscripts indicate the q, q 0 of torsional parameters for which only the AA term is listed.
b SPFIT value is qa.
Table 6
Propane torsional sub-state spin weights
ðK 0aK 0c $ KaKcÞ AA EE EA AE
eeM oo 6 16 2 4
oeM eo 10 16 6 4




Temperature (K) Qrot Qvib(HO) Q3(HO)/Qvib(HO) Qvsr(HO) Qvsr(SOS) Qvsr(SOS + HO)
300 20420 2.85 0.68 1860681 1071103 1575246
225 13263 1.84 0.85 782270 610176 721927
150 7219 1.28 0.96 295513 278690 290290
100 3929 1.08 0.99 135196 134352 135156
75 2552 1.02 1.00 83559 83639 83718
37.5 902 1.00 1.00 28886 28986 28986
18.75 319 1.00 1.00 10210 10276 10276
9.375 113 1.00 1.00 3610 3656 3656
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fact that both models are well behaved upon systematic
reduction of the effective barrier. The frequency measure-
ment difficulty is not considered prohibitive since simula-
tions of blended patterns, such as that shown in Fig. 1,
which are based on model prediction, unambiguously dem-
onstrate the validity of the assignments. Furthermore, the
model contains ‘normal’ asymmetric top Hamiltonian
parameters that show good convergence to higher order
and are required only as the data set is increased. Finally,
correlative behavior in the determinable tunnelling param-
eters for the ground, m14 and m27 states can be seen by
inspection of Tables 4 and 5. This correlative behavior
can be described as a monotonic increase in each tunnelling
parameter value as the state increases in energy and
approaches the barrier. When comparing ground and
excited state fits it is important to remember that high
precision measurements of the low J transitions in the
ground state [18] were not reported for these two torsional-
ly excited states. This explains the lack of precision in !10
for the higher states, higher order terms are determined
from the higher J transitions which do not show splittings
for the ground state.
The similarities of the models are reflected in the similar
values obtained for q and !10. For the ground state, with a
barrier height of over 1100 cm!1, the models are nearly




with ErHam and is important in SPFIT. The similarities
rapidly deteriorate upon comparison of higher order
parameters that are more important in the m14 and m27 tor-
sional states which have effective barriers near 900 and
800 cm!1, respectively. The larger magnitude and higher
precision of the rotational-tunnelling parameters obtained
in the SPFIT analysis is believed to be an indicator of the
missing b-axis coupling, these effects being effectively fit
as a perturbation rather than part of the first-order model.
Likewise, there are many more determinable tunnelling
parameters in the SPFIT analysis. Each of the tunnelling
parameters determined by SPFIT was tested in ErHam
and the ErHam analysis did not improve significantly.
SPCAT has been utilized for generation of the JPL mil-
limeter and submillimeter spectral line catalog [29], and as
such, has become a benchmark for many spectroscopic fit-
ting routines. Groner’s dual-rotor symmetry adapted Fou-
rier series Hamiltonian was developed for a specific class of
problems. Unlike SPFIT/SPCAT, which has been
employed for general purpose usage. The present compar-
ison is an attempt to critically evaluate the two programs
with a high quality, robust data set. The resulting compar-
ison reveals that the more complicated model of ErHam is
more effective for treating this high barrier dual-hindered
rotor with a minimal set of parameters. However, an
equally well fitted/predicted model is representable within
SPFIT/SPCAT through expansion of Pickett’s RIAS mod-
el. This result allows a new class of molecules to be ren-
dered into the JPL catalog.
The database listing for this molecule has been signifi-
cantly improved. Prior to this work only measured fre-
quencies below 300 GHz were available [28]. Reliable and
precise measured and predicted frequencies are now avail-
able for an astrophysical search of this species which
includes the operating range of instruments such as the
Herschel Space Observatory, the airplane-based telescope
SOFIA and the international interferometer ALMA. In
an effort for completeness the three states studied have
been compiled into one listing. This listing is available on
the JPL website [29] and has been prepared using the
SPFIT analyses described here. The catalog contains pre-
dictions merged with measurements with the prediction
including energies extrapolated to J < 99. The dipole
moment of Muenter and Laurie [1] was utilized for all three
states. THz transitions due to the m27 ! m14 difference band
have not been assigned in the spectrum and are therefore
Fig. 2. Predicted propane spectra from 0–2 THz. Room temperature spectrum is shown in grey with a 100 K spectrum. overlayed in black.
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not included in the compilation, but these transitions could
be the dominant features of the propane spectrum above
1.6 THz.
The first step towards remote observation of propane is to
predict the spectrum according to the conditions of the
object studied. The JPL catalog can be used as input for
CASSIS software obtainable online [33]. As no publication
yet exists concerning CASSIS, information can be obtained
from the website given in this reference. CASSIS (Centre
d’Analyse Scientifique de Spectres Infrarouges et Sub-milli-
mtriques) provides interactive software allowing the user to
predict, visualize and analyze spectra taken with radiotele-
scopes. For example Fig. 2 shows predictions at 100 Kwhere
it is shown that the strongest lines appear from 600–
800 GHz. A frequency range above the typical operating
range of most current radiotelescopes, but achievable if
atmospheric absorption is removed or significantly reduced.
Should propane be confirmed in an object, the full inventory
of lines now available will allow, by means of suitable soft-
ware (for example CASSIS), identification of all the spectral
lines according to their intensity.Hence as part of a complete
program of spectral identification it will be easier to identify
the pattern of remaining U-lines (unidentified) and attribute
them to new species. This could be particularly useful for
ALMA because of its high sensitivity.
5. Conclusion
We have presented new measurements and new analyses
of propane in the ground and first two excited torsional
states. New measurements including those in the torsional
ground state showed significant frequency shifts compared
to previous predictions. Although previous work was
essential in rapidly identifying new transitions it is fair to
say that the existing spectral inventory for propane (as
for many other species) was completely inadequate in the
new spectral region around and above 1 THz to be opened
by high-altitude and space-based submillimeter telescopes.
A complete inventory including the relatively highly-popu-
lated torsional states is now available and should be suffi-
ciently accurate not only for clear-cut identification
purposes but also for determining velocity information in
astrophysical objects from Doppler shifts and broadening.
For the excited states new torsional information has been
obtained. A comparison of two sets of fits carried out with
SPFIT and Groner’s Erham program gives confidence to
the predictions which are in all cases accurate enough for
astrophysical purposes.
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Abstract
A specific instrument with devoted observational strategies and skill concepts will allow significant observational results: those are the
key points for a creative approach as suggested by Francesco Melchiorri when he began the MITO adventure.
! 2006 Elsevier B.V. All rights reserved.
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1. Introduction
In this short review of millimetre and infrared testagrigia
observatory (MITO) we would like to summarize the
beginning of this project and its continuation up to today’s
operational configuration. This is an observational pro-
gramme firmly wanted by Francesco Melchiorri based on
the strong efforts of a few researchers and several students,
a lot of them now continuing their research in this field all
over the world. The main scientific topic of the MITO pro-
ject is the Sunyaev–Zel’dovich effect and for this purpose
1387-6473/$ - see front matter ! 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.newar.2006.11.048
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instruments are developed, observations are recorded, new
observational strategies and data reduction methods are
studied.
As summarized in Melchiorri et al. (2006) two possible
approaches exist for reaching an observational goal. The
first, the so called brute force approach, is applied when bet-
ter instrumentation under better conditions than before is
involved: the goal must be reached. This solution could
be expensive, it requires several groups and a long time
to complete. The alternative: a creative approach. A clever
application of techniques for optimising the instrument is
applied. It should be cheap and quick but surely needs
few researchers.
MITO project has always followed a creative approach,
by choice.
2. The origin of MITO
In the 70’s Francesco Melchiorri was a promoter for
developing a medium-size telescope fully dedicated to
FIR-cosmology in high mountain ranges in Italy.
He pioneered the observational capabilities of Testa
Grigia mountain, in the Alps in Val d’Aosta in front of
the Matterhorn (3480 m a.s.l.), as a valuable site for cosmic
microwave background (CMB) observations with a 1.5 m
in diameter telescope. A laboratory, the oldest and highest
in Europe, has existed since 1947 on the top of Testa Gri-
gia, even if in Italy it is usually known as Plateau Rosa´,
managed by the Italian National Council of Research
(CNR). It was originally assembled for cosmic ray studies
but different scientific programmes have also been
explored. An interesting collection of Testa Grigia adven-
tures, at least for the first 50 years in operation, can be
found in Castagnoli (1996) (unfortunately only an Italian
version).
Among the papers published using data acquired from
Testa Grigia in that period, it is mandatory to remember
the following: characterization of the atmosphere in the
millimetre band (Dall’Oglio et al., 1974), measurement of
CMB temperature in the atmospheric window of 1.0–
1.4 mm (Dall’Oglio et al., 1976) and upper limit of 10!4
on CMB anisotropies at an angular scale of 25 arcmin
(Caderni et al., 1977). It was proven, if necessary, that cos-
mology from ground was possible with the existing
technology.
In the meantime an Italian National project, TIRGO
(Telescopio InfraRosso del GOrnergrat), was realized with
the effort of several groups managed by CNR in Florence.
A 1.5-m in diameter Cassegrain telescope was located in
Switzerland near Zermatt (3135 m a.s.l.). The TIRGO
spectral coverage was mainly blueshifted with respect to
Francesco’s first proposal and for this reason he renewed
the collaboration with Carlo Castagnoli, director, at that
time, of Istituto di Cosmo-Geofisica/CNR in Turin (now
IFSI/INAF). After a few years of no activity at Testa Gri-
gia laboratory, finally in 1991 a 2.6-m in diameter tele-
scope, specifically designed for millimetre observations,
was planned for substituting the primordial one, and so
the MITO project started.
Unfortunately TIRGO was dismounted last September
2005 while MITO is still continuing its programme of
observations at millimetre wavelengths.
3. The first period of MITO
The MITO instrument is described in several papers; see
for example De Petris et al. (1999). It is a 2.6-m in diameter
aplanatic Cassegrain telescope with a 41-cm in diameter
wobbling subreflector and an altazimuthal mount for per-
forming high efficiency atmospheric subtraction and differ-
ential sky modulation (Fig. 1 right).
Among the observational goals of MITO we can men-
tion: multifrequency observation of Sunyaev–Zel’dovich
Effect (SZE) with low angular resolution (FotoMITO) or
high angular resolution (MAD), high accuracy photometry
of mm-sources (HII regions, radio sources,), specific obser-
vations towards interesting areas detected in CMB maps by
ground based, balloon borne or satellite experiments and
polarimetry of FIR sources and search for CMB
polarization.
After testing different photometers at MITO focal plane
(see for example the first light of Diabolo, the French
2-channel photometer, in Benoit et al. (2000)), FotoMITO
has been installed: a 4-channel photometer with a f.o.v.
Fig. 1. Left – The cable car to reach Testa Grigia where MITO is located. Right – An image of the telescope inside the shield at sunset. The carbon fiber
spider with the electromechanical subreflector wobbling system is visible.
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of 16 arcmin (Fig. 1 left). The cryostat design and the cold
optics is a ground-based version of the ARGO experiment
one (de Bernardis et al., 1993) (see Fig. 2 right). A double-
stage 3He–4He fridge allows a continuous operation at a
working temperature of 290 mK for 4 days ensuring a ther-
mal stability of the order of 0.2 mK/h (Maiani et al., 1999).
The cold optics is realised by spherical mirrors, Winston
cones and band-pass freestanding meshes as dichroics for
spectral selection. The choice of the bands is dictated by
target spectra and, as usual for a ground-based telescope,
by atmospheric window considerations. The bands are cen-
tered at 143, 214, 272 and 353 GHz with corresponding
bandwidths equals to 30, 30, 32, 26 GHz. The detectors
are standard composite bolometers with sapphire absorb-
ers and Neutron Transmutation Doped (NTD) germanium
thermistors supplied to us by Kreysa of MPIfR in Bonn.
The large f.o.v. of FotoMITO has selected Coma cluster
(A1656) as the first best candidate for observations. Several
observational strategies plus data analysis procedures have
been applied to Coma cluster in order to deserve us the title
of Coma’s group. Nodding, drift scans, Lead–Main–Trail
observations and tracking pointing solutions with 2- or 3-
fields sky modulation with several scanning profiles and
beamthrows have been tested and selected. Data reduction
has been applied with several creative approaches: color
decorrelation technique in presence of good atmospheric
bad conditions (i.e. high correlation due to large atmo-
spheric fluctuations), non-linear amplified data for increas-
ing S/N eliminating non-gaussianity and spatial filtering
when source profile is known (see an example of applica-
tion in Battistelli et al. (2006)).
4. MITO today
MITO is being upgraded with a new focal plane instru-
ment, MAD (Multi Array of Detectors), for acquiring
imaging capability, and it has been enriched with an atmo-
spheric spectrometer, CASPER2, for better atmospheric
control.
MAD (Lamagna et al., 2002) is a 3 · 3 pixel 4 channel
photometer with increased angular resolution: 4.5 arcmin/
pixel, see Fig. 3 left. The cold optics, based on a revised ver-
sion of an Offner configuration, as chosen also in the
OLIMPO experiment (Nati, 2006), has to reduce instru-
mental spurious emission. The image of the common por-
tion of the subreflector, while it is wobbling, is formed on
the Lyot Stop cooled down to 4.2 K. A double stage
3He–4He fridge is able to maintain the detectors for 80 h
at 300 mK. Cryogenic tests have been completed and inte-
gration of the optics and electronics in the instrument is
under way.
A better detection efficiency over smaller clusters implies
smaller beamthrows which allow higher chopping frequen-
cies: this setup can be translated in a better control of
atmospheric fluctuations.
An array of detectors at MITO focal plane has obliged
us to improve the focal plane mount installing a derotator
capable of turning around the optical axis more than
300 kg.
The first version of MAD has the same bands as in Fot-
oMITO to ensure reliable control of spurious signals and
good coupling to atmospheric transparency windows and
the spectral signature of the SZE. A second version is under
Fig. 2. Left: FotoMITO at MITO focal plane; see the ribwork on the back side of the monolithic 2.6-m primary mirror. Right: Cold optics of FotoMITO.
On the top the aluminum refocussing optics with mirrors and splitters while on the bottom the copper gold coated 0.3 K flange with cones and bolometers.
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studying with optimised bands (peak frequency, bandwidth
and profile) for efficient parameter extraction (TCMB,Te,v,)
(Lamagna et al., 2006).
The atmospheric transmission monitoring has been peri-
odically performed during the nights of observation of Fot-
oMITO by skydips. In the simple approximation of a
secant-law absorption, the zenithal opacity is estimated
and therefore the transmission as an average value over
each band. Unfortunately the skydip technique requires a
loss in the telescope observation time and, for this reason,
an atmospheric emission spectrometer has been developed:
CASPER2. This is the Testa Grigia version of CASPER
(Concordia atmospheric spectroscopy of emitted radia-
tion), the spectrometer for absolute measurements of low
resolution atmospheric emission spectra in the FIR/mm
range proposed in 2003 to PNRA for the italian–french
station in Antarctica, Dome C, and still waiting for a
response (De Petris et al., 2005). The instrument is devoted
to recording real time atmospheric spectra along MITO
telescope pointing direction.
A 62-cm in diameter Pressman–Camichel telescope with
an alt-az mount collects sky radiation from a 26 arcmin
f.o.v. in the 3 mm–850 lm band towards a Martin–Puplett
interferometer. An ambient temperature blackbody is the
second input. A He4–N cryostat with 2 bolometers cooled
down to 290 mK by a He3 fridge measures the 2 polarized
outputs (see Fig. 4 left). Interferometry should be per-
formed by fast scan, step and signal chopping or phase
modulation; laboratory and in situ tests are under revision.
Low resolution spectra (0.2 cm!1) combined with atmo-
spheric modeled profiles by ATM (Pardo et al., 2001) allow
transmission profiles better than 1% and pwv estimate.
First light of CASPER2 was collected in July 2006 (see
Fig. 4 right).
MAD and CASPER2 are the new instruments that
upgrade MITO telescope as planned in the GEMINI-SZ
Project proposed and coordinated by Francesco Melchiorri
and funded by MIUR in 2004. The scientific goal of the
project is to perform routine observations of SZE in the
mm/submm region by MITO, in the north hemisphere,
Fig. 4. Left – CASPER2 recording spectra of the first light fromMITO in July 2006. The altitude movement is missing, a panel of the octagonal shield has
been removed for showing the vanes inside and MP interferometer is open. Right – CAD drawing of CASPER2.
Fig. 3. Left – One of the four MAD 3 · 3 array with cones and bolometers and 3 Vespel legs. Right – MAD readout electronics: a module with a 10
lockins card. The preamplifiers are located on the opposite side.
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together with other ground-based observatories in the
southern hemisphere (OASI and COCHISE in Antarctica)
and balloon-borne telescope (OLIMPO) (see project details
in http://oberon.roma1.infn.it/gemini).
5. Innovative MITO results
The creative vision of Francesco together with the
search for new and alternative approaches to keep a scien-
tific goal has made him a precursor also for exploring new
cosmological implications from SZE observations.
The data on Coma by FotoMITO (De Petris et al.,
2002) with the calibration refined in Savini et al. (2003),
together with OVRO and WMAP ones, represents a large
data collection for a SZE spectra, spanning from millimetre
to radio waves. Those results have allowed the estimate of
the CMB temperature at cluster redshifts as it was sug-
gested in the 70’s but only recently applied (Battistelli
et al., 2002) (see Lamagna et al. (2006) for a review on this
topic).
The redshift-independence of the SZE is a property that
also offers the possibility to constraint the variation of the
fine structure constant over a wide range of redshift. This
new proposed application has been tested on A1656 and
A2163 and the results will be released soon (Battistelli
et al., submitted for publication).
The SZE is a useful probe for detecting the missing bary-
ons in the local universe. Common observations towards a
region in Corona Borealis Supercluster at radio and milli-
metre wavelengths by VSA in Tenerife (Ge´nova-Santos
et al., 2005) and (MITO Battistelli et al., 2006) have disen-
tangled from CMB anisotropies a faint signal compatible
with SZE. The long line of sight inside the supercluster,
despite the low electron temperature, still produces a
detectable SZE signal allowing to infer on the local over-
density and temperature (see Battistelli et al. (2006) for a
review on this topic). Hydrodinamical simulations suggest
the presence inside superclusters of filaments connecting
clusters composed by WHIM (Warm-Hot Intergalactic
Medium) that are a challenge for detection, see Rubin˜o-
Martı´n et al. (2006) and Coratella et al. (submitted for pub-
lication). This new observational result has recently refo-
cused the attention on this SZE application, see for
example Herna´ndez-Monteagudo et al.
6. Conclusions
The MITO project was started and guided by Francesco
Melchiorri. The possibility to have a fully operational
instrument for ground based FIR/mm cosmological obser-
vations has allowed, at the same time, the opportunity of
producing interesting results and highly experienced young
researchers. Tens of students have gained their experience
in experimental work on this project and will never forget
the MITO adventure!
The first widest spectra of SZE towards Coma cluster of
galaxies, the first estimate of non local CMB temperature
as derived by SZE spectra of clusters and the first observa-
tions of SZE towards Corona Borealis Supercluster of gal-
axies for searching missing baryons are until now the most
innovative cosmological results produced by the MITO
project.
Despite the big workload, the group is still highly moti-
vated and together with Francesco’s enthusiasm, which is
always present, new interesting scientific goals will be
achieved. In fact it is not a coincidence that this contribu-
tion was written during the first MITO observational cam-
paign with the new instrument CASPER2.
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ABSTRACT :
This thesis describes work performed in two different areas of astrophysics linked by the
use of the same “tool” that is rotational molecular spectroscopy. First we show how the
analysis of submillimetre-wave spectra can be used to constrain the physical and chemical
properties of the interstellar medium in the local universe. Then we explain how the study
of the spectra of molecules in other galaxies can verify the cosmological models used to
describe the universe on a large scale.
The first part of the work was carried out mainly at the Centre d’Etude Spatiale des
Rayonnements (Toulouse University, CNRS). The motivation was to provide data for the
next generation of radio-astronomical instruments : the Herschel Space Observatory (HSO),
the international interferometer ALMA and the jumbo-jet based telescope SOFIA. First
of all we created a metabase that describes the spectral data available for radioastronomy
and included in particular in the JPL and Cologne University (CDMS) databases. Then we
took new measurements in the laboratory and analysed them with the following goals :
(i) improve the precision of spectral data in the terahertz band that will be opened for
astronomy by HSO, (ii) measure the spectra of the (13C and D) isotopomers of the studied
species in the light of the increased sensitivity of new instruments. We chose to present the
results according to the complexity of the analysis starting with a linear molecule (HCO+
and isotopologues), then a symmetric top (monodeuterated methane), an asymmetric top
(formic acid and isotopologues) and finally an asymmetric top with two internal rotors
(propane). This latter study also involves the excited torsional states.
The second part of the work was performed in the Experimental Cosmology Group of the
Physics Department of “Sapienza” University in Rome. After summarising the major prin-
ciples of the Standard Cosmological Model, we explain how the millimetre-wave spectra
of extragalactic molecules can contain information indicating modifications that should be
made to this model. Then we describe an instrument that will be capable of taking these
measurements : the MASTER radiometer developed and tested by the radioastronomy group
of the Milan-Bicocca University and that will be coupled to MITO (Millimetre and Infrared
Testagrigia Observatory) situated in the Italian Alps and controlled by the Rome group. The
spectral analysis will be realised by an acousto-optic spectrometer developed at Arcetri, Flo-
rence (IRA-INAF, Radioastronomy Institue - National Astrophysics Institute). The first tests
and calibration of this spectrometer, carried out during my work in Rome, are described.
AUTEUR : Valerio LATTANZI
TITRE : Les molécules comme outils pour l’astrophysique et la cosmologie dans les bandes IRL/mm :
des études au laboratoire aux observations
DISCIPLINE OU SPÉCIALITÉ : Astrophysique
DIRECTEURS DE THÈSE : Adam Walters, professeur au UPS/CESR, Toulouse ; Marco De Petris,
chercheur à l’Università degli Studi di Roma “Sapienza”
DATE ET LIEU DE SOUTENANCE : 24 octobre 2008, CESR, Toulouse
RÉSUMÉ :
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avec l’idée de principe de montrer comment le même outil peut être utilisé pour dériver l’information dans ces
deux domaines. L’“outil” qui sera décrit en détail dans les chapitres suivants est la spectroscopie moléculaire
de rotation. Nous montrerons comment l’analyse des spectres de rotation des molécules peut être utile pour
contraindre les propriétés physiques et chimiques du milieu interstellaire dans l’univers local ; puis comment la
même sorte d’information, mais des molécules dehors de notre galaxie, peut aider à définir les modèles cosmo-
logiques employés pour décrire l’univers à grande échelle.
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On est choisi de rapporter les résultats de ces mesures selon la “complexité” spectroscopique de l’étude en
commençant avec une molécule linéaire (HCO+), puis une toupie symétrique (le méthane monodeutéré), une
toupie asymétrique (l’acide formique et les isotopologues) et enfin une toupie asymétrique avec deux rotateurs
internes (le propane).
La deuxième partie de mon travail effectué dans le groupe de Cosmologie Expérimentale du Département de
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